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ABSTRACT 

Inves t iga t ion  of Nonequilibrium Flow E f f e c t s  i n  

High Expansion Rat io  Nozzles 

V. J. S a r l i ,  W.  G .  Burwell and T. F. Zupnik 

The Research Laborator ies  of United A i r c r a f t  Corpcration under NASA 
Contract NAS 3-2572 have performed a n a l y t i c a l  s t u d i e s  t o  i n v e s t i g a t e  chem- 
i c a l  noneq-Ailibrium flow e f f e c t s  i n  high expansion r a t i o  l i q u i d  propel lan t  
rocke t  nozzles .  These s t u d i e s  have included ana lyses  ( a )  t o  determine t h e  
s e n s i t i v i t y  of ca l cu la t ed  nonequilibrium performance t o  v a r i a t i o n s  i n  t h e  
chemical k i n e t i c  r a t e  cons tan ts  used i n  t h e  c a l c u l a t i o n s  ( b )  t o  e s t a b l i s h  
t h e  l i m i t s  of s p p l i c a b i l i t y  of t h e  Bray sudden-freezing c r i t e r i o n  f o r  pre-  
d i c t i n g  chemical nonequilibrium performance ( c )  t o  determine t h e  e f f e c t  of 
v a r i a t i o n s  i n  nozzle contour on nonequilibrium performance and (d)  t o  de- 
termine t h e  e f f e c t  of nozzle s c a l e  ( i . e . ,  t h r u s t  l e v e l )  on nonequilibrium 
performance. The p rope l l an t  systems s e l e c t e d  f o r  u se  i n  these  s tud ie s  were 
Q2-O2 and N204-50% N2H4/50% UDMH. 
dimensional f i n i t e - k i n e t i c s  machine program developed a s  p a r t  of Contract 
NASw-366 was modified t o  f a c i l i t a t e  i t s  use  on t h e  NASA Lewis Research 
Center IBM 7094 computer. 

Also as  p a r t  of t h i s  con t r ac t ,  t h e  Qne- 

The r e s u l t s  of t h e  s t u d i e s  performed under t h i s  cont rac t  i n d i c a t e  
t h a t  t h e  nonequilibrium performance of bo th  s e l e c t e d  p rope l l an t  systems 
i s  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  k i n e t i c  recombination r a t e  f o r  t h e  th ree -  
body water  recombination r eac t ion ,  H + OH + M + H20 + M. Because of 
t h i s  s e n s i t i v i t y ,  t h e  s ing le- reac t ion  Bray sudden-freezing c r i t e r i o n  i s  
adequate f o r  p red ic t ing  t h e  nonequilibrium performance of t h e s e  two pro- 
p e l l a n t  systems. However, t h e  ca lcu la ted  s e n s i t i v i t y  r e s u l t s  a l s o  i n d i -  
c a t e  t h a t  a modif icat ion of t h e  s ing le- reac t ion  Bray c r i t e r i o n  may be 
necessary i n  o t h e r  p rope l l an t  systems t o  account f o r  energy cont r ibu t ions  
from s e v e r a l  concurrent chemical rzactior,s  t ak ing  p l ace  dariEg nozzle 
expansion. 

Addi t iona l  r e s u l t s  ob ta iced  f rom t h e s e  s t u d i e s  i n d i c a t e  t h a t  i n -  
c r eas ing  t h e  nozzle s c a l e  ( t ,hmst  l e v e l )  can inc rease  t h e  nonequilibrium 
s p e c i f i c  impulse, T'he r e l a t i v e  may i tude  of t h e  performanee inc rease  i s  
dependent however upon t h e  rocket  chmber  pressure  l e v e l .  The efi'ects of 
v a r i a t i o n s  i n  nozzle contour on performance a re  not s i g n i f i c a n t  f o r  t h e  
p r o p e l l a n t s  and opera t ing  conditions se l ec t ed .  
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CONCLUS L9NS 

1. The chemical nonequilibrium performance of t he  H 2 - 0 2  and N,04-50$ 
NpH4/50$0 UDPB propel lan t  systems i s  s e n s i t i v e  t o  t h e  s p e c i f i c  k i n e t i c  rate 
cons tan ts  f o r  t h e  h-ater recombination reac t ion ,  H + OH + M f HpO + M. 
Var ia t ions  i n  t h i s  ra-Le constant as small  a s  p lus  o r  minus a f a c t o r  of 10 
about t h e  s tandard  value can r e su l t  i n  t h e  nozzle performance changing 
from t h a t  f o r  near-frozen flow t o  t h a t  for near-equi l ibr ium flow. 

2. 
N 2 H 4 / 5 0 $  UDMH propel lan t  systems could become s e n s i t i v e  t o  t h e  r a t e s  of 
t h e  hydrogen recombination reEction, H + H + M 
rate data  considered s tandard for hydrogen recombination were s i g n i f i c a n t -  
l y  lower than  t h e  t r u e  r a t e s  o r  i f  t h e  s tandard  k i n e t i c  r a t e  data  f o r  t h e  
water-reconbinat ion r eac t ion  were s i g n i f i c a n t l y  h igher  than  t h e  t r u e  r a t e s .  

The chemical nonequilibrium performance of t h e  H 2 - 0 2  and N204-50$0 

s H2 + M i f  t h e  k i n e t i c  

. 

3. The s ing le - r eac t ton  Bray sudden-freezing c r i t e r i o n  can be used t o  pre-  
d i c t  performance r e s u l t s  for H2-02 and N2Oh-5O$ P12H4/50$ UDMH which are i n  
agreement with r e s u l t s  based on exact one-dimensional numerical so lu t ions  
f o r  t h e  nonequilibriurn nozzle expansion. The sudden-f reez ing  approximation 
a l s o  p r e d i c t s  wi th in  dcceptable  lirrits ( 3 )  spec ies  concentrat ion except f o r  
atoms and r a d i c a l s  prt.sent i n  very small  amounts end ( b )  a l l  thermodynamic 
v a r i a b l e s  except the  s t a t i c  temperature. Typical ly ,  t h e  d i f f e rence  between 
t h e  temperature p red ic t ed  by t h e  aTp:-oximate procedure and t h a t  p red ic t ed  
by t h e  exact  procedure can be a s  nuch a s  1% of t h e  temperature d i f f e rence  
between t h e  frozer! 2nd equi l ibr ium expansion values .  When a p p l i e d  t o  t h e  
above p rope l l an t  combinations, t h e  s irigle dominating r eac t ion  t o  be con- 
s i d e r e d  i s  t h e  water  recombination, R + OH + P + ,Y20 + M. 

4. 
f i c i e n t l y  genera l  t o  pred ic t  t h e  per?ormance f o r  a r b i t r a r y  p rope l l an t  sys- 
tems, Use may be  requi red  of the  exact one-dimension machine computation 
program and/or a modified sbdden-freezing a n a l y s i s  which permits  account- 
i n g  f o r  energy con t r ibu t ions  from more than a s i n g l e  recombination r eac t ion .  

The s ing le - r eac t ion  Bray sudden-freezing c r i t e r i o n  may not be suf- 

5. Caution should  be exe rc i sed  i n  i n t e r p r e t i n g  t h e  r e s u l t s  of any sudden- 
f r e e z i n g  ca lcu lac ioo  j.f the freezing poin t  i s  l o c a t e d  i n  t h e  near  v i c i n i t y  
of t h e  nozzle  t h r c a t ,  
p e l l a n t  system, a s h l f t  i n  t h e  f reez ing  a rea  r a t i o  from 1.1 subsonic t o  1.1 
supersonic  r e s u l t s  i n  about a 30 percent decrease i n  the  nonequilibrium 
impulse l o s s  (zlmost 8 s e c ) .  ?he f r eez ing  a rea  r a t i o  may not be c e r t a i n  
wi th in  t h e  above l i n i j  i s due I c the  apg-oximate na ture  of t h e  sudden-freez- 
i n g  a n a l y s i s .  

9 0  i l l u s t r a - , e ,  f o r  ?-he .RJ20)+-5O$ l!1$4/50$ Y D E I  pro- 
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6. Design and contouring of nozzles f o r  u s e  with t h e  H2-02 propel lan t  
system should not be a f f ec t ed  by chemical k i n e t i c  cons idera t ions ,  The 
cost  and d i f f i c u l t y  i n  e s t ab l i sh ing  a nozzle conf igura t ion  based on chem- 
i c a l  nonequilibrium expansion i s  not warranted due t o  t h e  l ack  of sens i -  
t i v i t y  of t h e  phys ica l  contour t o  inclusion of f i n i t e  k i n e t i c s  i n  t h e  de- 
s ign  procedure.  However, having once e s t a b l i s h e d  a design f o r  t h i s  pro- 
p e l l a n t  syfstem, t h e  performance of the  desiGn should be evaluated us ing  a 
procedure which incorpora tes  chemical k i n e t i c s .  The s p e c i f i c  impulse per-  
formance of propel lan t  systems may be s e n s i t i v e  t o  nozzle  s c a l e  o r  t h r u s t  
l e v e l  depending upon t h e  combustio? chamber pressime l e v e l .  The e f f e c t  of 
nozzle s c a l e  an nonequilibrium performance can r e a d i l y  be ca l cu la t ed  f o r  
t h e  H2-02 system by employing t h e  sudden-freezing a n a l y s i s .  

7 .  Comoustion chamber i n e f f i c i e n z i e s  do not have s i g n i f i c a n t  e f f e c t  on 
ca l cu la t ed  nozzle  performance within t h e  framework of t h e  i n e f f i c i e n c y  
model employed i n  t h i s  study. 

0 

8. 
s igni f ican- ; ly  t h e  rocket nozzle  pe -formance of the  N204-5@ N2Hll/5C$ 
UDMH p rope l l an t  systern. 

Vibra t iona l  nonequilibrium within t h e  Np molecules does not degrade 

i v  



INVESTIGATION OF I'JONF,QUILIBRIUM FLOW EFFECTS I N  
HIGH EXPANSION RATIO NOZZLES 

V .  J. S a r l i ,  W .  G. B u r w e l l  and T. F. Zupnik 

United A i r c r a f t  Corporation 

SUMMARY 

/a837 
Inves t iga t ions  a r e  descr ibed i n  t h i s  r e p o r t  concerning nonequilibrium 

flow e f f e c t s  i n  high expansion r a t i o  nozzles .  
been d i r e c t e d  p r imar i ly  toward determining t h e  r o l e  t h a t  r e a c t i o n  k i n e t i c s ,  
contour  geometry, and nozzle sca l e  p l ay  i n  in f luenc ing  rocket  nozzle  perform- 
ance.  
i t y  of t he  Bray sudden-freezing c r i t e r i o n  f o r  p r e d i c t i n g  nonequilibrium noz- 
z l e  performance. 

These i n v e s t i g a t i o n s  have 

I n  add i t ion ,  s t u d i e s  have been c a r r i e d  out  t o  e s t a b l i s h  t h e  a p p l i c a b i l -  

The r e s u l t s  of t h e  s t u d i e s  conducted i n d i c a t e  t h a t  t h e  nonequilibrium 
performance f o r  t h e  s e l e c t e d  propel lan t  systems, H2-02 and N204-50$1 N2H4/5O$I 
UDMH, i s  p a r t i c u l a r l y  s e n s i t i v e  t o  the k i n e t i c  recombination r a t e  f o r  t h e  
three-body water  recombination reac t ion ,  H + OH + M = H 2 0  + M. Because of 
t h i s  s e n s i t i v i t y ,  t h e  s ing le- reac t ion  Bray sudden-freezing c r i t e r i o n  i s  ade- 
quate  f o r  p red ic t ing  t h e  nonequilibrium performance of t h e s e  two p rope l l an t  
systems. 

Addi t iona l  results obtained from these  s t u d i e s  i n d i c a t e  t h a t  i nc reas ing  

The r e l a t i v e  magnitude of  
t h e  nozzle s c a l e  ( t h r u s t  l e v e l )  can reduce t h e  nonequilibrium s p e c i f i c  im-  
pu l se  l o s s  a s soc ia t ed  wi th  t h e  above p rope l l an t s .  
t h e  performance change i s  dependeri-t; however, upon t h e  rocke t  chamber pressure  
l e v e l .  The e f f e c t s  of v a r i a t i o n s  i n  nozzle contour on performance are not  
s i g n i f i c a n t  f o r  t h e  p ropz l l an t s  and opera t ing  condi t ions  s e l e c t e d .  

ILWRODUCTION 

The $heore t i ca l  maximum performance of high energy l i q u i d  rocke t  pro- 
p e l l a n t  systems i s  seldom r e a l i z e d  i n  p r a c t i c e  because of depar tures  from 
equ i l ib r ium flow during t h e  exhaust nozzle  expansion process .  Under con- 
t r a c t ,  NASW-366, which was completed i n  September of 1963, t h e  United 
A i r c r a f t  Corporation Research Laboratories i n  cooperat ion wi th  P r a t t  and 
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. .  

Whitney A i r c r a f t  Division and t h e  United Technology Center of UAC con- 
ducted an a n a l y t i c a l  and experimental i nves t iga t ion  of nonequilibrium 
exhaust nozzle flows (Ref. 1). The r e s u l t s  of t h i s  program were p r i -  

s e l e c t e d  propel lan t  combinations o f  nozzle performance l o s s e s  r e s u l t i n g  
from seve ra l  nonequilibrium f l o w  processes such as chemical recombina- 
t i o n ,  v i b r a t i o n a l  r e l axa t ion ,  condensation, and two-phase flow, (2 )  
development of machine computational programs t o  t r e a t  nonequilibrium 
gas-dynamic flows of r eac t ing  gas mixtures i n  both one-dimensional and 
two-dimensional o r  axisymmetric exhaust nozzles ,  and (3)  v e r i f i c a t i o n  
of t h e  two-dimensional computational procedures by means of an  experi-  
ment i n  whj.ch t h e  recombination of NO2 t o  N2O4 w a s  s tud ied .  Although 
t h e  previous work under con t r ac t  NASw-366 revea led  cons iderable  informa- 
t i o n  concerning p a r t i c u l a r  nonequilibrium e f f e c t s  i n  exhaust nozzles ,  
a d d i t i o n a l  s t u d i e s  were necessary t o  f a c i l i t a t e  t h e  p r e d i c t i o n  and 
opt imiza t ion  of rocket  nozzle performance. These a d d i t i o n a l  s t u d i e s  
have been performed as follow-on inves t iga t ions  t o  t h e  above mentioned 
developments under NASA con t r ac t  NAS 3-2572. 

b 
mar i ly  (1) an es t imat ion  of t h e  r e l a t i v e  importance with respec t  t o  

The s p e c i f i c  ob jec t ives  o f  t h i s  work a r e  def ined  under f i v e  Task 
headings.  The ob jec t ive  of Task I, e n t i t l e d  " S e n s i t i v i t y  Studies ,"  
w a s  t o  determine t h e  s e n s i t i v i t y  of o v e r a l l  performance t o  v a r i a t i o n s  
i n  r e a c t i o n  r a t e s .  The ob jec t ive  of Task 11, e n t i t l e d  "Evaluation of 
Bray Cr i t e r ion , "  w a s  t o  deteimine l i m i t s  of a p p l i c a b i l i t y  of t h e  s impl i -  
f i e d  Bray C r i t e r i o n  for est imat ing nonequilibrium nozzle  performance. 
Task 111, e n t i t l e d  "Effect  of Nozzle Contour on Performance," had as  i t s  
o b j e c t i v e  determinat ion of t he  e f f ec t  of convergent nozzle  contour and 
of f -des ign  divergent  contours on ove ra l l  performance. The ob jec t ive  of 
Task IV e n t i t l e d  "Nozzle Scal ing,"  w a s  t o  i n v e s t i g a t e  nozzle s c a l i n g  
c r i t e r i a ,  and t h e  ob jec t ive  of Task V, e n t i t l e d  "Computer Program," w a s  
(1) t o  convert  t h e  one-dimensional k i n e t i c  flow nozzle  performance com- 
p u t e r  program developed under cont rac t  NASW-366 t o  For t r an  IV, and (2)  
t o  modify t h e  procedure i n  the  program t o  permit s t a r t i n g  a t  near  equi-  
l i b r i u m  condi t ions .  A f u r t h e r  object ive of Task V was t h e  prepara t ion  
of a manual and flow c h a r t s  descr ibing i n  d e t a i l  t h e  one-dimensional 
k i n e t i c  flow program. 
Con t rac to r ' s  Topical Report e n t i t i e d ,  " Inves t iga t ion  of Nonequilibrium 
Flow Ef fec t s  i n  High Expansion Ratio Nozzles, Ccmputer Flow hhnual," NASA 
CR-54042. 
Technical  Information and t h e  machine program my be obtained by con- 
t a c t i n g  t h e  IBM Program Dis t r ibu t ion  Center.  

This program manual has  been publ ished a s  a NASA 0 
This r epor t  i s  ava i l ab le  from NASA, Office of S c i e n t i f i c  and 
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TECHNICAL D I S C U S S I O N  

Task I - S e n s i t i v i t y  S tudies  

The accuracy of pred ic ted  performance f o r  rocket  propuls ion systems 
i n  which chemical recombination processes may be r eac t ion  r a t e  l i m i t e d  i s  
d i r e c t l y  dependent on t h e  a b i l i t y  t o  s p e c i f y  c o r r e c t l y  t h e  r eac t ion  mech- 
anism f o r  t h e  recombination process and t o  determine a c c u r a t e l y  t h e  r e -  
a c t i o n  r a t e s  of t h e  elemental  s teps  which comprise t h i s  mechanism. The 
mechanism t h a t  i s  employed i s  usua l ly  a compromise between t h e  many r e -  
a c t i o n s  t h a t  can be w r i t t e n  and the  f e w  r eac t ions  which a r e  considered t o  
b e  c o n t r o l l i n g .  For some systems, t h e  recombination r eac t ions  can b e  so  
s t r o n g l y  dependent on one or two elemental  s t eps  t h a t  t h e  e l imina t ion  of 
a l l  o t h e r  r eac t ions  does not a f f e c t  t h e  r e s u l t i n g  c a l c u l a t e d  nozzle per-  
f ormance . 

0 
The one-dimensional f i n i t e - k i n e t i c s  computational program developed 

under  Contract NASw-366 and reportzd under separa te  cover as  a NASA Topi- 
c a l  Report (Ref. 2 )  provides t h e  cecessary f l e x i b i l i t y  i n  t h e  choice of 
t h e  number and r a t e s  of t h e  elemental r eac t ions  f o r  t h e  s tudy  of t h e  r e l -  
a t i v e  importance of t h e  var ious elemental s t eps .  Analyses t o  i n d i c a t e  
t h e  s e n s i t i v i t y  of t h e  ca l cu la t ed  nonequilibrium performance t o  changes 
(or e r r o r s )  i n  t h e  r eac t ion  k i n e t i c  data a r e  the re fo re  f e a s i b l e  us ing  
t h i s  program, and Bsk I was undertaken t o  c a l c u l a t e  f o r  t h e  H -0 and 
N204-50$ N2H4/50$ UDMH p rope l l an t s  t h e  e f f e c t s  of v a r i a t i o n s  i n  t h e  major 
r e a c t i o n  r a t e s  on rocket  nozzle performance. 

2 2  

Reaction Mechanism U t i l i z e d  i n  S e n s i t i v i t v  S tudies  

The important elemental  recombination r eac t ions  and r eac t ion  r a t e  

The r eac t ion  
cons t an t s  for H2-02 and N204-50$ N2H4/5@ UDMH p rope l l an t  systems which 
have been u t i l i z e d  f o r  t h i s  s tudy  a r e  l i s t e d  i n  Table 1. 
mechanisms f o r  t h e  two p rope l l an t s  have t h e  hydrogen-oxygen r eac t ions  i n  
common while  t h e  r eac t ions  involving n i t rogen  and carbon i n  Table 1 a r e  
a p p l i c a b l e  only t o  t h e  N20,+-50% N&/5G$ U D W  p rope l l an t .  With t h e  ex- 
cep t ion  of t h e  s h u f f l e  r eac t ion  involving t h e  recombination of CO, t h e  
r e a c t i o n  mechanisms f o r  t he  recombination of t he  combustion products of 
t h e  two p rope l l an t s  are t h e r e f o r e  s imi l a r .  It i s  noted t h a t  combination 
of t h e  elemental  r eac t ions  

0 



y ie lds the  we l l  known water-gas reac t ion ,  

CO + H20 C02 + 32 

The r eac t ion  ra te  constants  f o r  hydrogen-oxygen r eac t ions  and n i t r o -  
gen-oxygen r eac t ions  a r e  t h e  same as those  repor ted  i n  previous s t u d i e s  
by t h i s  Cantractor  (Refs. 1, 3 and 4 ) .  
( 2 )  and i t s  s p e c i f i c  r eac t ion  r a t e  constant  have been repor ted  i n  Refs. 
5 ,  6, and 7. 

The elemental  water-gas r e a c t i o n  

Effect of Reaction Rate Perturbations on Performance 

The s i m i l a r i t y  i n  t h e  reac t ion  mechanism f o r  H2-02 and N204-50$ 
N2Hq/50$ UDP4-I p rope l l ac t s  suggests t h a t  t h e  r e l a t i v e  importance of t h e  
elemental  r eac t ion  s t e p s  can be ?valuated us ing  t h e  f i n i t e  k i n e t i c  
machine program w i t h  only one of these  p rope l l an t s ,  The N204-5@ 
N2H4/5@ UDHV 
water-gas r eac t ion  as  we l l  a s  t h e  H2-02 recombination reac t ion .  

propel lan t  system was s e l e c t e d  because it inc ludes  t h e  

The s e n s i t i v i t y  of t h ?  performance t o  r eac t ion  ra tes  for t he  N204-50$ 
N2H4/50$ UDMH system was determined by  per turb ing  t h e  r eac t ion  rates of 
t h e  elemental  r eac t ions  which should Se con t ro l l i ng  i n  t h e  ove r -a l l  mechan- 
i s m ,  These r eac t ions  a re  

H + , Y + M - - ' H 2 + M  AH$98K = -104.2 (4 1 

CQ + OH e C02 + H AH$98K = -24.86 ( 5 )  

H + CH + M =HpC + M = -119.2 

For each react ion:  t h r e e  ?-action r a t e s  were used and ca l cu la t ions  were 
made f o r  two oxid izer - fue l  r a t io s .  The t h r e e  rates used included t h e  b e s t  
determinat ion of t h e  rea t on r a t e  ("standard" r a t e s  l i s t e d  i n  Table I)  
and pe r tu rba t ions  of 10 
which t h e  ca l cu la t ions  were performed were O/F = 1.75 and 2.25 and combus- 
t i o n  chamber pressure  equal  t o  60 p s i a ,  i n  a i50  i b  t h r u s t  nozzle.  
nozz le  geometry i s  t h a t  of Configuration 1 i n  Table 11. 

on the  s tandard  ra tes .  The condi t ions f o r  
J . 5  

The 
0 

The e f f e c t  of changes i n  reac t ion  ra tes  on t h e  nonequilibrium per-  
formance should be accentuated a t  t he  low pressure  and t h r u s t  l e v e l s  
because of increased  d i s soc ia t ion  and shor t  nozzle res idence times. If 
a l l  poss ib l e  combinations of t h i s  system were ca lcu la ted ,  it would have 
taken  8 ind iv idua l  runs f o r  each O/F r a t i o .  
a t i v e  importance of t h e  r eac t ion  r a t e s  i s  of i n t e r e s t  i nves t iga t ion  of a l l  

However, s ince  only t h e  r e l -  
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Dossible combinations of r a t e s  was not necessary. T t  w a s  assumed t h a t  t h e  
vacuum s p e c i f i c  immlse  was e f f e c t i v e l y  a l i n e a r  func t ion  of t h e  r eac t ion  
ra te ,  t h a t  is: 

Isp = a + bx + cy + dz 

where x, y and z a r e  t h e  changes i n  t h e  r eac t ion  r a t e s  f o r  r eac t ions  (4) ,  
(5 )  and (6) respec t ive ly ,  and b, c, and d a r e  cons tan ts  t o  be determined, 
The constant ,  a ,  i s  equal t o  t h e  vacuum s p e c i f i c  impulse obtained using 
t h e  s tandard  k i n e t i c  data .  The method of La t in  Squares was u t i l i z e d  t o  
s e l e c t  combinations of t h e  reac t ions  whose r a t e s  were per turbed.  This 
method i s  p r imar i ly  designed t o  display gross  e f f e c t s  and i t s  app l i ca t ion  
t o  eva lua te  r eac t ion  r a t e  e f f e c t s  i m p l i c i t l y  involves  t h e  assumption of 
roughly l i n e a r  dependence of ISp upon the  r eac t ion  r a t e s ,  a 

Figures  1 and 2 show t h e  performance v a r i a t i o n s  f o r  t h e  N204-50$ 
NpH4/50$0 UDMH propel lan t  system of O/F r a t i o s  of 2.25 and 1.75, respec t ive-  
l y ,  which r e s u l t e d  from t h e  use of r eac t ion  r a t e s  t h a t  were per turbed  by 
f a c t c r s  of 101-5. Displayed on each graph (Figs.  1 and 2 )  are summaries of 
t h e  v a r i a t i o n s  s tud ied ,  a long with t h e  equi l ibr ium, f rozen  and s tandard 
k i n e t i c  flow performance r e s u l t s ,  
s tandard  forward r a t e  was mul t ip l ied  by  101.5 and t h e  l e t t e r  "L" i n d i c a t e s  
t h a t  t h e  s tandard  forward r a t e  w a s  mu l t ip l i ed  by 
i n g  t h e  sequence of l e t t e r s  coincides with t h e  sequence of r eac t ions ,  (b ) ,  
( 5 )  and (6)  l i s t e d  previously.  
def ined  previous ly  a r e  l i s t e d  below and i n d i c a t e  t h e  r e l a t i v e  e f f e c t  of t h e  
r e a c t i o n s  on performance. 
r a t i o s  s tud ied  a r e :  

I n  the  d i sp lay  "H" i n d i c a t e s  t h a t  t h e  

For each group- 

The r e s u l t i n g  c o e f f i c i e n t s  b, c, and d 

The values of b,  c, and d f o r  each of t h e  O/F 

O/F = 1.7'5; b = 0.0617; c = -0.0332; d = 0.296 

O/F = 2.25; b = 0.0780; c = -0.00470; d = 0.407 

For both  O/F r a t i o s ,  t h e  e f f e c t  of t he  water recombination r eac t ion  (6) i s  
t h e  most important ( i . e . ,  si i s  l a r g e r  than b o r  c ) .  
a l l  t h e  r a t e s ,  t h e  water  recombination r eac t ion  (6)  a f f e c t s  the s p e c i f i c  
impulse approximately f i v e  t imes a s  much a s  t h e  hydrogen recozbinat ion re- 
a c t i o n  ( 4 )  and about nine t i m e s  as much as  t h e  carbon recoxbinat ion r e -  
a c t i o n  (5 ) .  

For t h e  same change i n  

o 

It i s  a l s o  apparent from t.he numerical values  of c o e f f i c i e n t s  t h a t  
i nc rease  i n  t h e  r a t e s  of t h e  hydrogen and water recombination r eac t ions  in -  
c r ease  t h e  s p e c i f i c  impulse; whereas, a n  increase  i n  t h e  r a t e  of carbon r e -  
combination r eac t ion  decreases  t h e  s p e c i f i c  impulse ( i . e . ,  c i s  negat ive) .  The 
f a c t  t h a t  an increase  i n  t h e  r&te of t h e  carbon recombination r eac t ion  reduces 
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t h e  performance of t h e  nozzle implies t h a t  t h e  h ighly  ene rge t i c  t h ree -  
body water formation reac t ion  tends t o  f r e e z e  e a r l i e r  during t h e  expan- 
s ion  a s  a r e s u l t  of increased depletion r a t e  of OH r a d i c a l s ,  The n e t  
r e s u l t  i s  a decrease i n  energy conversion because t h e  carbon recombina- 
t i o n  r eac t ion  i s  much l e s s  energet ic  than  t h e  water  recombination r e -  
a c t i o n  due t o  the  formation of a hydrogen atom f o r  each hydroxyl r a d i c a l  
t h a t  recombines by t h i s  route,  e . < . ,  see  equations (4), (5 ) ,  ( 6 ) .  

It should be noted from Figs .  1 and 2 t h a t  t h e  d i f f e rence  i n  vacuum 
s p 3 c i f i c  impulse caused by ad,justing t h e  r eac t ion  r a t e s  over t h e  s p e c i f i e d  
range i s  approximately f i v e  percent while t h e  d i f fe rence  between equ i l ib -  
r i u m  and frozen s p e c i f i c  impulse i s  approximately e igh t  percent ,  

I n  add i t ion  t o  t h e  r e s u l t s  presented above, c e r t a i n  prel iminary 
ca l cu la t ions  were performed i n  which t h e  s tandard forward r eac t ion  r a t e s  
f o r  r eac t ions  ( h ) ,  ( 5 )  and (6)  were va r i ed  by t h r e e  orders  of magnitude, 
These r e s u l t s  a r e  summarized i n  Table 3. Although t h e  s p e c i f i c  impulse 
i n  Table 3 appears t o  be sens i t i ve  t o  t h e  r a t e  of water  recombination 
reac t ion ,  t h e  deviat ions from equilibrium impulse were so  s l i g h t  i n  these  
subsonic k i n e t i c  flow ca lcu la t ions  t h a t  t h e  r e s u l t s  were considered 
inconclusive.  Addit ional  s e n s i t i v i t y  ca l cu la t ions  were performed based 
on t h e  composite-reaction sudden-freezing a n a l y s i s  descr ibed i n  a subse- 
quent s ec t ion  (Task 11) of t h i s  repor t .  A summary of t h e s e  ca l cu la t ions  
f o r  t h e  H2-02 propel lan t  system i s  given i n  Fig.  3. The r e s u l t s  p l o t t e d  
i n  Fig.  3 show t h e  e f f e c t  on performance of va r i a t ions  i n  t h e  s p e c i f i c  
r eac t ion  r a t e s  of t h e  H2-02 three-body recombination r eac t ions  f o r  t h e  
condi t ions spec i f i ed  on t h e  graph, 

A s  was previously observed f r a n  exact k i n e t i c  r e s u l t s ,  t h e  r e s u l t s  
shown i n  F ig .  3 i n d i c a t e  t h a t  t h e  three-body water  recombination r eac t ion  
i s  r a t e  con t ro l l i ng  f o r  t he  H2-02 system a t  t h e  condi t ions spec i f i ed .  
However, t h e  r e s u l t s  of Fig.  3 a l so  show t h a t  an order  of magnitude in -  
c rease  i n  t h e  hydrogen atom recombination r a t e  constant r e s u l t s  i n  t h i s  
r eac t ion  assuming t h e  cont ro l l ing  r o l e  ( i . e . ,  t h e  atom recombination re- 
a c t i o n  w i l l  f r eeze  f a r t h e r  downstream than  t h e  three-body water formation 
r e a c t i o n )  although l a r g e  increases  i n  t h i s  r a t e  constant a r e  requi red  t o  
change t h e  performance s i g n i f i c a n t l y  . 

It should f u r t h e r  be _Toted from Fig.  3 t h a t  a r e l a t i v e l y  small i n -  
c rease  i n  t h e  water formation constant (e .g . ,  about one order  of magnitude) 
i s  s u f f i c i e n t  t o  produce near-equilibrium performance, and a reduct ion of 
t h e  same amount r e s u l t s  i n  near-frozen flow. A reduct ion i n  t h e  hydrogen 
atom recombination r a t e  constant ,  however, has  p r a c t i c a l l y  no e f f e c t  on 
performance. 
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While t h e  s e n s i t i v i t y  s tudy  r e s u l t s  discussed above f o r  t h e  H2-02 and 
N204 - Aerozine 50 prope l l an t s  c l e a r l y  i n d i c a t e  t h a t  a s i n g l e  recombination 
r e a c t i o n  dominates i n  determining the nonequilibrium performance of t h e  
system, it i s  equal ly  c l e a r  t h a t  more than one r eac t ion  could be performance 
c o n t r o l l i n g  i n  o the r  propel lan t  systems or i n  t h e  propel lan t  systems s tud ied  
i f  t h e  k i n e t i c  r a t e  cons tan ts  employed a r e  i n  e r r o r .  A s  w a s  observed i n  
Fig.  3, depending on as smal la  change ( o r  e r r o r )  i n  rate cons tan ts  a s  a 
f a c t o r  of 10, t h e  dominant react ion can be switched from t h a t  involving 
H + OH recombination to t h a t  involving H + H recombination. A f a c t o r  of 5 
i nc rease  i n  t h e  hydrogen recombination r eac t ion  would probably r e s u l t  i n  
t h i s  r eac t ion  becoming competit ive wi th  t h e  water  recombination r eac t ion .  
It m y  the re fo re  be concluded t h a t  s i m p l i f i e d  sudden-freezing techniques 
such as t h a t  of Bray (discussed i n  Task 11) should be modified i n  order  t o  
account t h e  k i n e t i c  con t r ibu t ions  from more than  one reac t ion .  a 
E f f e c t  of Combustion Ine f f i c i encv  on Performance 

A s  p a r t  of t h e  s t u d i e s  t o  evaluate t h e  e f f e c t  of v a r i a t i o n s  i n  r eac t ion  
r a t e  cons tan ts  on performacne, severa l  ca l cu la t ions  were c a r r i e d  out  assum- 
i n g  t h a t  incomplete combustion had occurred p r i o r  t o  entrance i n t o  t h e  noz- 
z l e  and i n i t i a t i o n  of t h e  expansion, 
t h i s  s tudy i s  concerned involves  only t h a t  type  r e s u l t i n g  from incomplete 
chemical r eac t ions  such as occurs i n  s h o r t  combustion chambers ( r e s u l t i n g  
i n  s h o r t  res idence t imes)  i n  cont ras t  t o  t h e  i n e f f i c i e n c i e s  a r i s i n g  from 
non-uniform mixtures o r  s t r a t i f i c a t i o n  of f u e l  and oxid izers .  

The combustion i n e f f i c i e n c y  wi th  which 

S e n s i t i v i t y  s t u d i e s  were ca r r i ed  out f o r  a f u e l - r i c h  mixture of N204 
and 5@ N2H4/5@ UDMR having an assumed combustion e f f i c i e n c y  of 9% ( t h e  
temperature r i s e  i n  t h e  combustion chamber i s  90 percent  of t h e  maximum 
temperature r i s e ) .  Because of t he  complete lack  of r eac t ion  k i n e t i c s  data  
f o r  i n i t i a t i o n  of N204-504'0 N2H4/5@ UDMH reac t ion ,  it w a s  not poss ib l e  t o  
a t t a i n  t h e  90% temperature r i s e  by k i n e t i c  flow ca lcu la t ions  v i a  t h e  i g n i -  
t i o n  delay and r ap id  temper6ture r i s e  route  i n  t h e  combustion chamber. 
Ins tead ,  t h e  904'0 temperature r i s e  condi t ion f o r  an  O/F = 1.75 w a s  simulated 
by  mixing t h e  equi l ibr ium combustion products  of a f u e l - r i c h  stream (O/F = 
1.25) and a fue l - l ean  stream (O/F = 4.00) a t  cons tan t  pressure  s o  t h a t  t h e  
r e s u l t i n g  ovemll n h  " I  r a t i o  i s  1 -75  ( f u e l - r i c h  and near  t h e  optimum O/F f o r  
P, = 60 p s i a ) .  The mixed stream was a nonequilibrium stream with regard  t o  
chemical composition s ince  t h e  O/F r a t i o s  of t h e  con t r ibu t ing  streams were 
such t h a t  t h e  corresponding ad iaba t ic  , equi l ibr ium temperature r i s e  w a s  90 
percent  of t h a t  f o r  a homogeneous stream having a.n O/F of 1.75. 
mixing of t h e  two streams t o  e s t ab l i sh  t h e  s t a r t i n g  condi t ions f o r  t h e  
k i n e t i c  flow expansion w a s  considered t o  take  place a f t e r  each of t h e  
s t reams w a s  expanded sepa ra t e ly  t o  E predetermined pressure  r a t i o  which 
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correspon&dto a p a c t i c a l  contract ion r a t i o .  This was done i n  order  t o  
avo id  t h e  ? s s e n t i a l l y  i n f i n i t e  t i m e  t h a t  would have been requi red  t o  per-  
forr~i t h e  k i n e t i c  i n t eg ra t ion  s t a r t i n g  from an i n f i n i t e  reservo-ir  ( t he  
combustion chamber). The conditions and composition a f t e r  mixing t h e  
streams a t  constant pressure were ca l cu la t ed  assuming a one-dimensional 
mixing process by solving t h e  mass, energy, momentum, and s t a t e  ?qua t iom.  
lnne condi t ions of t h e  contr ibut ing streams and f u l l y  mixed nonequilibrium 
stream a r e  l i s t e d  i n  Table 4. 

The 90 percent combustion e f f i c i ency  ca l cu la t ions  were c a r r i e d  out  
us ing  both the  s tandard r a t e  constants (Table 1) and t h e  HHH combination 
of r a t e  constants  ( i , e . ,  t he  r a t e  constants  f o r  each of r eac t ions  (4), 
( 5 )  and (6 )  were increased by a f a c t o r  of 10+1*5 from t h e  s tandard  values 
l i s t e d  i n  Table 1). 
s tandard  r a t e  constants  was 320 see a t  an e x i t  a r e a  r a t i o  of 40:l. 
compares t o  321 see  obtained f o r t h e  100 percent combustion e f f i c i e n c y  
ca l cu la t ion  using t h e  s tandard r a t e s .  The impulse f o r  t h e  HHH ambina-  
t i o n  of r a t e s  a t  t h e  same area  r a t i o  was 328 sec  f o r  both t h e  100 percent  
and 90 percent combustion e f f i c i ency  condi t ions.  The r e s u l t s  i nd ica t e  
t h a t  t h e  previously observed e f f e c t s  of r eac t ion  r a t e  per tuba t ions  on per-  
formance a r e  not a l t e r e d  by  t h i s  type  of combustion ine f f i c i ency ,  
it i s  apparent t h a t  t h e  combustion ine f f i c i ency  of t h e  type considered 
does not have s i g n i f i c a n t  e f f e c t  on t h e  ove ra l l  nozzle system performance. 

The vacuum s p e c i f i c  impulse obtained using t h e  
This 

Also, 

It was not iced  f o r  t hese  s tud ies  t h a t  during t h e  e a r l y  p a r t  of t h e  
expansion a f t e r  uniform mixing, the  temperature grad ien t  i n  t h e  nozzle 
was p o s i t i v e  ind ica t ing  t h a t  t h e  r eac t ion  proceeded towards equilibrium. 
Based on these  s tud ie s ,  it can be concluded t h a t  (1) t h e  k i n e t i c s  of 
homogeneous mixtures a r e  s u f f i c i e n t l y  rap id  i n  t h e  converging sec t ion  of 
t h e  nozzle t o  compensate f o r  a combustion ine f f i c i ency  represented  by t h e  
assumed model (;.e.> t o o  shor t  a combustion chamber), and (2 )  t h e  simula- 
t i o n  of i n e f f i c i e n c y  by t h e  above model i s  not r ep resen ta t ive  of a t r u e  
combustion ine f f i c i ency .  

Fur ther  combustion inef f ic iency  ca l cu la t ions  a r e  des i r ab le  f o r  a 
p rope l l an t  system such a s  H2-02 whose mechanism can be def ined f o r  t h e  
combustion chamber. For such a system, mixing of t h e  streams as descr ibed 
above could be el iminated and entrance t o  t h e  nozzle could be executed 
a n a l y t i c a l l y  a f t e r  a temperature r i s e  corresponding t o  90 percent of t h e  
maximum r i s e  was achieved. 
assume uniform mixing and therefore  t h e  temperature r i s e  i n  t h e  e a r l y  
p a r t  of t h e  expansion probably would s t i l l  be p o s i t i v e  a s  above and t h e  
cont inuing reac t ions  would t end  toward equi l ibr ium, 
t o  use  of t h i s  procedure l i e s  i n  t h e  f a c t  t h a t  a high i n i t i a l  tempera- 
t u r e  of pure f u e l  and oxid izer  grea te r  than  l 5 O C  OR m u s t  be spec i f i ed  i n  

However, it would s t i l l  be  necessary t o  

A major disadvantage 

R 
- W -  



orde r  t o  i n i t i a t e  i g n i t i o n  wi th in  a reasonable  i g n i t i o n  de lay  per iod.  
These s t a r t i n g  condi t ions w i l l ,  therefore ,  be  u n r e a l i s t i c  f o r  rocket  
motors. Also, f o r  comparison, the  combustion i n e f f i c i e n c y  ca l cu la t ions  
f o r  t h e  H2-02 f u e l  system would have t o  be  performed by mixing two 
equi l ibr ium streams of d i f f e r e n t  O/F r a t i o s  t o  s imulate  90 percent  com- 
bus t ion  e f f i c i e n c y  a s  i n  t h e  N204-5@ N2H4/5@ UDMH ca l cu la t ions  r e -  
po r t ed  above. 

Combustion e f f i c i e n c y  ca lcu la t ions  have been performed u t i l i z i n g  
t h e  mixing concept f o r  the  H2-02 propel lant  a t  low p res su res  and low 
i n i t i a l  temperatures.  
t h r o a t  condi t ions f o r  t h e  axisymmetric nonequilibrium nozzle inves t iga-  
t i o n s  of Task 111. The performance ca l cu la t ions  have been extended 
beyond t h e  t h r o a t  i n  a one-dimensional supersonic contour i n  order t o  
eva lua te  t h e  e f f e c t  of combustion e f f i c i ency  f o r  t h e  H2-02 system as  
was done f o r  t h e  N204-5@ N2H4/5C$ UDMH. 
of combustion i n e f f i c i e n c y  on vacuum s p e c i f i c  impulse f o r  t h e  H -0 
p rope l l an t  system, O/F = 5 ,  a s  a r e s u l t  of mixing two equi l ibr ium 
streams t o  s imulate  9 6  combustion e f f i c i e n c y  f o r  a combustion chamber 
pressure  of 60 ps i a .  
= 3.82 and 20.341 and mixed stream (O/F = 5 )  a r e  presented  i n  Table 5 .  
The d i f f e rence  i n  performance between go$ combustion e f f i c i e n c y  and 
100% combustion e f f i c i e n c y  r e s u l t s  i s  l e s s  than  3 seconds. The sim- 
i l a r i t i e s  between these  r e s u l t s  f o r  H -0 and t h e  performance f o r  
N204-5@ N2H4/504& UDNH a r e  not su rp r i s ing  s ince  both p rope l l an t s  a r e  
c o n t r o l l e d  by t h e  same recombination mechanism. 

These ca lcu la t ions  were requi red  t o  spec i fy  the  

Figure 4 shows t h e  e f f e c t  

2 2  

The proper t ies  of t h e  equi l ibr ium streams (O/F 

2 2  
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Task I1 - Evaluation of Bray Cr i t e r ion  

In  a rocket nozzle t h e  elementary r eac t ions  between t h e  d i s soc ia t ed  
spec ies  of a combustion process  seldom proceed a t  a r a t e  which i s  suf -  
f i c e i n t  t o  maintain t r u e  chemical equi l ibr ium throughout t h e  nozzle  expan- 
s ion .  The g r e a t e s t  degree of reac t ion  occurs i n  t h e  e a r l y  por t ion  of an 
expansion nozzle,  where t h e  reac tan t  concentrat ions and d e n s i t i e s  arit high 
and t h e  residence t imes a r e  long due t o  moderate flow v e l o c i t i e s  r e l a t i v e  
t o  those i n  t h e  downstream por t ion  of t h e  nozzle ,  Important r eac t ions  i n -  
volving t h e  l a r g e s t  energies  require  t h a t  a t  l e a s t  two and o f t en  t h r e e  
bodies come toge ther  llsimultaneously" t o  e f f e c t  recombination. The 
llforwardll r a t e s  o r  recombination r a t e s  of t hese  r eac t ions  a r e ,  t he re fo re ,  
p ropor t iona l  t o  t h e  cube (three-body r e a c t i o n s )  of t h e  r e a c t i v e  mixture 
dens i ty ,  suggesting t h a t  s ign i f i can t  departure  f ron equi l ibr ium values may 
e a s i l y  occur a s  t h e  expansion proceeds and t h a t  very l i t t l e  of t h e  heat  
of d i s soc ia t ion  (recombination) w i l l  t hen  be converted i n t o  k i n e t i c  energy. 
It i s  expected, t h e r e f o r e .  t h a t  nonequilibrium chemical l o s s e s  a r e  accentu- 
a t e d  when t h e  combustion pressures  a r e  low and reduced when t h e  combustion 
pressures  a r e  high. 

. Severa l  approaches have been taken t o  p red ic t  chemical nonequilibrium 
nozzle performance rznging from simple, crude c a l c u l a t i o n s  t o  complex 
models which t r e a t  mul t i reac t ion  systems i n  one- and two-dimensional flow 
f i e l d s .  For example, t he  f irst  s impl i f ied  ca l cu la t ions ,  c a r r i e d  out  by 
PennEL., (Ref. 6). allowed f o r  flows t o  3e  c l a s s i f i e d  a s  "near-equilibrium" 
or "near-frozen" throughout t h e  expansion by a p p l i c a t i o n  of a r e l axa t ion  
t i m e  c r i t e r i o n .  The idea t h a t  the t r a n s i t i o n  from equi l ibr ium t o  frozen 
flow occurs wi th in  a small  region i n  t h e  nozzle w a s  o r i g i n a l l y  discussed 
Sy  Bray (Ref. 9 ) ,  who constructed a so lu t ion  based on t h e  assumption t h a t  
t h e  k i n e t i c  region f o r  t he  s i n g l e  r eac t ion  system i n  one-dimensional ex- 
pansion nozzle terminated a t  a point .  The nozzle flow and composition up 
t o  t h e  poin t  (" the sudden-freezing-point" ) could be considered i n  equ i l ib -  
rium while t h e  flow downstream of t h a t  po in t  could be considered constant  
i n  composition. Discussions and appl ica t ions  of t h e  Bray c r i t e r i o n  t o  
nozz le  performance f o r  a number of p ropel lan t  systems and nozzle condi t ions 
have been given i n  previous work by t h i s  Contractor and repor ted  i n  t h e  
f i n a l  r epor t  f o r  t h e  M S A  Contract 1 ~ ~ ~ w - 3 6 6  (Ref. I). 0 

The u t i l i t y  of t h e  Bray ana lys i s  has been v e r i f i e d  by i n v e s t i g a t o r s  
f o r  expansions i n  which one reac t ion ,  v i z ,  atom recombination, t akes  place 
(Refs. 10: 11, and 1 2 ) .  How,?ver, no general  expansion and v e r i f i c a t i o n  of 
t h e  sudden-fr3ezing-point analysis  has been made f o r  mul t i r eac t ion  systems. 
For such a chemically complex system, recourse has  been made t o  numerical 
s o l u t i o n s  of t h e  gasdynamic,  chemical-kinetic and s t a t e  equat ions f o r  t h e  
r e a c t i n g  gas mixture (Refs. 1-3,  5. 13, 1 4 ) .  The employment of exact  



so lu t ions  i s  not  always j u s t i f i e d ,  however, s ince  experimental  k i n e t i c  
ra.te data f o r  most r eac t ions  are  not  ava i l ab le ,  and r e l i ance  on s t a t i s t i c a l  
methods f o r  ca l cu la t ing  t h e  r a t e  data  i s  precluded by t h e  lack  of d e t a i l e d  
knowledge about t h e  fo rces  of i n t e rac t ion  and manner of deac t iva t ion  which 
p r e v a i l  during atomic recombinetion, The de f i c i enc ie s  of k i n e t i c  da ta  com- 
bined with t h e  high cost  of an exact machine so lu t ion  make approximate com- 
pu te t iona l  procedures (such a s  the sudden-freezing c r i t e r i o n  of Bray) look 
a t t r a c t i v e  i f  t hese  procedures can be va l ida t ed  f o r  mul t i r eac t ion  flow 
systems such as  a r e  encountered i n  rocke t  nozzles .  

An eva lua t ion  of t h e  general  a p p l i c a b i l i t y  of t h e  Bray c r i t e r i o n  f o r  
es t imat ing  rocket  nozzle performance and modif icat ion of t h e  simple Bray 
c r i t e r i o n  f o r  mul t i reac t ion  systems were the re fo re  t h e  primary ob jec t ives  
of t h i s  t a s k ,  

Descr ipt ion of Bray Sudden-Freezing Cri ter ion 

m e  Bray c r i t e r i o n  i s  a n  approximate procedure for pred ic t ing  t h e  
poin t  i n  a r eac t ing  nozzle flow where a r eac t ion  has  depar ted  s i g n i f i c a n t l y  
from equi l ibr ium. 
t h e  forward r a t e  of r eac t ion  becomes of t h e  same order  a s  t h e  r a t e  r equ i r ed  
t o  n a i n t a i n  equi l ibr ium. This concept i s  c l a r i f i e d  by consider ing a nozzle 
expansion i n  which an  a r b i t r a r y  three-body recombination r e a c t i o n  t a k e s  
p lace  , 

This i s  accomplished 3 y  determining t h e  po in t  a t  vhich 

k 
2J t M & J 2 t  M 

kb 
(7) 

where t h e  change of J, 
found from phenomenological chemical k i n e t i c s  (Ref. 1 5 ) .  

concentration with t i m e  and constant  dens i ty  i s  

In  Eq. (8) t h e  bracket ,  C 1,  ind ica tes  t h e  a c t u a l  instantaneous concentra- 
t i o n  of t h e  ind ica t ed  spec ies ,  k, denotes t h e  f o m a r d  r a t e  constant ,  and 
the  sub-scr ip t  "eq. " denotes t h e  instantaneous equi l ibr ium values .  For 
near-equi l ibr ium flow, it i s  c l ea r  t h a t  y - yeq <cyeq, so  t h a t  

whi le  f o r  near-frozen flow Yeq Y , s o  t h a t  

Therefore ,  from Eqs .  (9 )  and (LO) it can be deduced t h a t  
c r i t e r i o n  f o r  t h e  f reez ing  poin t  of  t h e  r eac t ion  can be  
ing  t o  

an approximate 
def ined accord- 



i 

. .  j 

as previous ly  s t a t e d ,  where t h e  fornard r eac t ion  r a t e  expression, 
;?.valuated with very l i t t l e  loss i n  accuracy us ing  equi l ibr ium q u a n t i t i e s  
up t o  t h e  f r eez ing  po in t .  

rf , i s  

The Bray c r i t e r i o n  has been used success fu l ly  t o  analyze flows i n  
which only one r eac t ion  i s  ene rge t i ca l ly  and k i n e t i c a l l y  important.  In  
Refs,  10 and 11, t h i s  approach was app l i ed  t o  t h e  nonequilibrium nozzle  
flow of a i r ,  assuming t h a t  oxygen atom recombination i s  t h e  only Lmportant 
r eac t ion .  Wegener (Ref. 12)  s tudied nozzle recombination of n i t rogen  
dioxide i n  a n i t rogen  bath,  i n  which an exceLlent c o r r e l a t i o n  between t h e  
experimentally observed departure  point  from equi l ibr ium and t h e  Bray 
f r eez ing  poin t  was found, 
on ly  a s i n g l e  r eac t ion  may be va l id  only f o r  a r e l a t i v e l y  few complex 
chemical systems. 

However, t h i s  method of so lu t ion  consider ing 

0 

For t h e  expansion of products of combustion i n  a nozzle ,  s eve ra l  
r eac t ions  must be considered if  an e f f e c t i v e  po in t  of chemical f r e e z i n g  
i s  t o  be found. This was c l e a r l y  demonstrated i n  Fig.  3 and d iscussed  i n  
Task I - S e n s i t i v i t y  S tudies .  Extension of Bray ' s  one-react ion c r i t e r i o n  
t o  rnul t i react ion non-equilibrium nozzle flows i s  not necessa r i ly  s t r a i g h t -  
forward, un less  one r eac t ion  out of t h e  many tak ing  p lace  has t i e d  up most 
of t h e  energy i n  t h e  combustion process,  o r  un less  a l l  ene rge t i c  r e a c t i o n s  
t e n d  t o  leave  equi l ibr ium a t  nearly the same l o c a t i o n  i n  t h e  nozzle.  When 
t h i s  i s  not  t h e  case,  t h e  simple f reez ing  c r i t e r i o n  can a t  b e s t  b racke t  
t h e  a c t u a l  nozzle flow parameters (by assuming t h a t  t h e  fas tes t  and slow- 
es t  of t h e  many r eac t ions  con t ro l ) .  

Modified Bray Cr i t e r ion  For Multireact ion Systems 

The concept of a composite f reez ing  poin t  i s  based on t h e  assumption 
t h a t  an important r a t e -con t ro l l i ng  spec ies  e x i s t s  whose n e t  ra te  of forma- 
t i o n  or deple t ion  becomes very small as t h e  r eac t ions  i n  which it p a r t i c i -  
p a t e s  become very slow, and t h a t  cnce t h i s  spec ies  has  f rozen a t  some 
po in t  i n  t h e  nozzle (which w i l l  be r e f e r r e d  t o  as  t h e  "composite r e a c t i o n  
f r e e z i n g  po in t " ) ,  a l l  remaining species can no longer  r eac t .  The problem 
of f ind ing  a composite r eac t ion  f reez ing  po in t  reduces t o  determining t h e  
k i n e t i c a l l y ,  and thermodynamically, important spec ies  and r eac t ions  which 
must be s t u d i e d ,  
eva lua ted  on t h e  b a s i s  of (1) t h e i r  r e l a t i v e  equi l ibr ium composition values ,  
a mole f r a c t i o n  of 0.005 being a prac t ica l lower  l i m i t ,  ( 2 )  t h e  energy re- 
l e a s e  of t h e  chemical r eac t ions  i n  which t h e y  p a r t i c i p a t e ,  and (3)  t h e i r  
r o l e  i n  e f f e c t i n g  t h e  chain-breaking s t e p s  i n  t h e  o v e r a l l  r eac t ion  mechanism. 

The importance of many of t h e  e x i s t i n g  spec ies  can be 
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The r eac t ion  r a t e  t h a t  i s  necessary t o  keep an  important spec ies  i n  
equi l ibr ium can e a s i l y  be fnunrl knowing t h e  equi l ibr ium composition h i s t o r y  
a s  ca l cu la t ed  using t h e  conservation equat ions,  s t a t e  r e l a t i o n s ,  and the 
p e r t i n e n t  Guldberg-Waage laws of mass a c t i o n  (Refs,  16 and 17 ) .  The re -  
qu i red  t ime r a t e  of change of t h e  concentration f o r  component i due t o  
r eac t ion  only,  i . e .  , excluding expansion e f f e c t s ,  i s  

where [Mi] zpXi/W ~ X i  
m3an molecular weight,  X i W i  , FThil2 equi l ibr ium machine so lu t ions  
employ t h e  l o c a l  flow asks t o  minimum flow a rea  r a t i o  ( i . e , ,  A/Amin) as  
an independent va r i ab le ,  t h e  a x i a l  d i s tance ,  X , i s  a more convenient 
v a r i a b l e  s ince  

j,s t h e  mole f r a c t i o n  of spec ies  i, a n d %  i s  t h e  

0 

becomes indeterminate a t  tk minimum area  ( i . e . ,  a t  A e Amin), Evaluation 
of Eq. (12)  can proceed once t h e  equilibrium p rope r t i e s  and a nozzle 
geom2try have been spec i f i ed .  Use of t h e  equi l ibr ium va lues  f o r  computing 
t h e  requi red  g rad ien t s  w i l l  be accurate  up t o  t h e  po in t  where t h e  f i r s t  
important r eac t ion  f r eezes ;  but since t h e  spec ies  under cons idera t ion  w i l l  
u s u a l l y  appFar i n  t h i s  reac t ion ,  t h i s  does not represent  a severe l i m i t a -  
t i o n  on t h e  method when one reac t ion  i s  con t ro l l i ng  or a l l  r eac t ions  f r eeze  
a t  t h e  same loca t ion  i n  t h e  nozzle.  

I n  complete analogy with t h e  simple one-react ion Bray c r i t e r i o n ,  it 
i s  necessary when t r e a t i n g  a rnultireaction system t o  compare t h e  requi red  
r e a c t i o n  r a t e .  Eq. (12), with t h e  t o t a l  forward r a t e  of r eac t ion  w r i t t e n  
i n  terms of a l l  r eac t ions  t h a t  make s u b s t a n t i a l  cont r ibu t ions  t o  t h e  over- 
a l l  r a t e  of production or deplet ion of spec ies .  The forward r eac t ion  r a t e  
equat ion for t h e  ne t  r a t e  of production of spec ies  Mi i s  

( L y )  P = 1 j.1 ( Q i j  0 - Q i j )  / { k,. k - l  % CMJ'"} (14 1 
N 

where N i s  t h e  t o t a l  number o r  r*?8ctioiis, fi the t o t a l  number of spec ies ,  

s to i ch iomet r i c  c o e f f i c i e n t s  of t h e  ith species  i n  t h e  jth reac t ion  f o r  t h e  
r e a c t a n t s  and products,  respec t ive ly ,  when t h e  jth reac t ion  t ak ing  p lace  i n  
t h e  exothermic d i r e c t i o n  i s  wr i t ten  a s  (Ref. 15) 

kf i  t h e  forward ra te  constant f o r  t h e  j t h  reac t ion ,  and ai, and a{ t h e  
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When a s i n g l e  r a t e -con t ro l l i ng  react ion e x i s t s ,  f o r  example, t h e  oxygen 
recombination r eac t ion  i n  t h e  expansion of a i r  up t o  6000 K, Eq. (14) t akes  
t h e  simple form 

t. b where M i  refers t o  t h e  spec ies  i n  the j--L r eac t ion  which, i n  a d d i t i o n  t o  
be ing  thermodynamically important,  has a l a r g e  v a r i a t i o n  i n  composition 
through t h e  nozzle t o  ensure accurate  d i f f e r e n t i a t i o n  of t h e  composition 
with respec t  t o  a x i a l  d i s tance  i n  Eq. (12 ) .  An e f f e c t i v e  f r eez ing  point  
f o r  a mul t i r eac t ion  nozzle flow can then be def ined  from Eqs, (12) and (14) 

I n  t h e  s i t u a t i o n  descr ibed above where one dominant r eac t ion  exis ts ,  t h e  
r ight-hand s i d e  of Eq. ( 1 7 )  i s  replaced by Eq. (16) so  t h a t  t h i s  f r eez ing  
c r i t e r i o n  reduces e s s e n t i a l l y  t o  t h e  simple Bray c r i t e r i o n .  I n  any event,  
it i s  c l e a r  t h a t  t h e r e  can be as  many f r eez ing  po in t s  as r a d i c a l s  or atoms 
t o  which Eq. (17) i s  appl ied ,  bu t  these po in t s  u sua l ly  remain i n  c lose  
proximity t o  one another  i n  p rac t i ce ,  depending on t h e  choice of r eac t ions  
employed i n  t h e  forward reac t ion  r a t e  equat ion.  

The most successfu l  r e s u l t s  f r o m  t h i s  composite r eac t ion  e f f e c t i v e  
f ' reezirg poin t  a n a l y s i s  are  achieved when only three-body r eac t ions  a r e  
considered i n  eva lua t ing  t h e  r i g h t  s ide of Eq. (17), s ince  bimolecular  
r e a c t i o n s  i n  which one o r  more new rad ica l s  a r e  formed f o r  every r a d i c a l  
consumed add very l i t t l e  energy t o  the flow a f t e r  t h e  three-body r eac t ions  
have frozen.  Graphical so lu t ions  t o  Eq. (17) a re  e a s i l y  c a r r i e d  out  f o r  
a r b i t r a r y  flow systems, once t h e  important r eac t ions  and spec ies  have been 
a sce r t a ined ,  by performing graphica l  d i f f e r e n t i a t i o n  of t h e  equi l ibr ium 
concent ra t ion  p r o f i l e s  as a func t ion  of a x i a l  d i s tance  f o r  a p re se l ec t ed  
nozzle geometry, X = X(A/A,,,) Then f o r  a given s e t  of forward r a t e  cons tan ts  
and wi th  a l l  t h e  equi l ibr ium proper t ies  known as  a func t ion  of a r e a  r a t i o ,  
t h e  l e f t  side of Eq.  (17) can be p l o t t e d  aga ins t  t h e  r i g h t  side over t h e  
range of  a rea  r a t i o s .  The poin t  of crossing i n d i c a t e s  where s i g n i f i c a n t  
f r eez ing  has occurred. 

Typical  r e s u l t s  showing t h e  va r i a t ion  of t h e  r i g h t  and l e f t  hand 
sides of  Eq. (17) a re  p l o t t e d  i n  Flg .5 .  
s ion  of H2-02 products of combustion from 60 ps i a  and an O/F r a t i o  of 8 
us ing  nozzle conf igura t ion  1 of Table 2 and seve ra l  r eac t ion  combinations. 
Based on t h e  deple t ion  of t h e  hydrogen atom, f r eez ing  of t h e  atom recombina- 
t i o n  r e a c t i o n  

These r e s u l t s  a r e  f o r  t h e  expan- 
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i s  seen t o  occur first, while  t h e  three-body water  formation reac t ion  

H + C H + M  = H 2 O + M  (19 1 
f r e e z e s  f a r t h e r  downstream. Considering a composite r eac t ion  rs te  f o r  
t h e  consumption of hydrogen atoms, found by adding t h e  k i n e t i c  r a t e s  re- 
s u l t i n g  from t h e  r eac t ions  (18) and ( l 9 ) ,  t h e  f r e e z i n g  po in t  i s  seen t o  
move s l i g h t l y  f a r t h e r  downstream i n  t h e  nozzle.  

Comparison of Sudden-Freezing and Exact Kine t ic  Performance Resul t s  

The s p e c i f i c  impulse of H2-02, and N204-50$ UDMH/5@ N2H4 f o r  a 
range of O/F r a t i o s ,  and combustion p res su res  a r e  przsented  i n  Figs .  6-13. 
I n  each case,  t h e  assumed con t ro l l i ng  r eac t ion ,  t h e  f r e e z i n g  poin t  l oca t ion ,  
and  t h e  r e s u l t i n g  Brsy performance Isp vs A / h i n  a r e  indexed. I n  a d d i t i o n  
t o  t h e  Bray performance curves,  thc r e s u l t s  of s h i f t i n g  equi l ibr ium, f rozen  
and  f u l l  k i n e t i c  flow are  shown on each cf t h e  graphs. ?%e reac t ion  mech- 
anisms and  r a t e  cons tan ts  f o r  t h e  32-02 and N,04-50$ N2H4/50$ UDMH system 
a p p l i c a b l e  t o  t h e  a n a l y s i s  a r e  giv?n i n  Table 1 (ni t rogen  and carbon re-  
a c t i o n s  a r e  de le t ed  for H2-02 system). 
t h e  s e l e c t i o n  of t h e  three-body water recombination r eac t ion  (19) a s  r a t e  
c o n t r o l l i n g  l e a d s  t o  s a t i s f a c t o r y  agreement wi th  t h e  exact  k i n e t i c  flow 
s o l u t i o n s .  
performance i s  u n s a t i s f a c t o r y  for any o the r  a r b i t r a r i l y  assumed c o n t r o l l i n g  
r eac t ion .  Depending on t h e  p a r t i c u l a r  r eac t ion  se l ec t ed ,  t h e  performance 
l e v e l  which can be  a t t a i n e d  spans a l a r g e  f r a c t i o n  of t h e  range bounded by  
f rozen  composition expansion and equi l ibr ium composition expansion. 
performame i s  somewhat more sens i ; ive  t o  t h e  choice of c o n t r o l l i n g  r e a c t i o n  
f o r  t h e  N204-50% N2H4/50% UDMH sys;em (Figs .  10-13)than f o r  t h e  H2-02 sys- 
tem. It i s  obvious from these  f i g J r e s  t h a t  a r b i t r a r y  choice of t h e  s i n g l e  
c o n t r o l l i n g  r eac t ion  can be complica+ed 5 y  l a c k  of knowledge concerning t h e  
important  r eac t ions  and spec ies  t 3  be considered. 
t r u e  f o r  p rope l l an t  systems f o r  which t h e  mechanism and r a t e s  a r e  not  a s  
w e l l  known a s  those  f o r  Ii2-02 and the water-gas r eac t ion .  

From these  f i g u r e s  it i s  seen t h a t  

A l s o  it i s  evident  from Figs .  6-13 t h a t  agreement i n  p red ic t ed  

The 

This i s  p a r t i c u l a r l y  

e 
When t h e  combustion products  o f  a t y p i c a l  rocke t -propel lan t  system 

a r e  expanded through a nozzle ,  scvera l  chemical r eac t ions  must t ake  p l ace  
i n  o r d e r  t o  rnaintain chemical zquilibril lm, 
t h e s e  r eac t ions  may fnvolve a s i g n f i c z n t  f r a c t i o n  of t h e  t o t a l  energy 
change throughout t h e  nozzle.  If' s u f f l c i e n t  information i s  a v a i l a b l e  f o r  
a deka i l ed  a n a l y s i s  of the chemistry, it i s  u s u a l l y  found t h a t  a major 
por t ior ,  of t h e  chemical energy r e l ease  i r l  t h e  flow i s  c o n t r o l l e d  b y  one or 

i n  genera l ,  more than one of 
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two elementary reac t ions .  When there  i s  only one con t ro l l i ng  r eac t ion ,  o r  
when t h e  con t ro l l i ng  reac t ions  a r e  dependent o r  have n e a r l y  t h e  same f r eez ing  
p o i n t ,  it i s  p o s s i b l e t o  apply the  Bray sudden-freezing method d i r e c t l y .  
t h e  f r eez ing  po in t s  of t h e  cont ro l l ing  r eac t ions  a r e  widely separa ted  and t h e  
c o n t r o l l i n g  r eac t ions  a r e  independent, t h e  Bray sudden-freezing method may be  
used t o  e s t a b l i s h  t h e  l i m i t s  of performance a t t a i n a b l e .  

When 

The s i g n i f i c a n t  g e n e r a l i t i e s  t h a t  can be deduced from Figs. 6-13 a r e  
t h a t  t h e  hydrogen recombination reac t ion ,  H +H + M ~2 H2 + M, f r eezes  f i r s t  
i n  t h e  expansion and the  two-bcdy r eac t ions  such a s  

H2 + OH H20 + H 

CO + OH C02 + H 

f r eeze  wel l  downstream of t h e  th roa t  region.  From t h e  s t u d i e s  performed 
it appears t h a t  as long as OH r ad ica l s  a r e  present  i n  t h e  gas mixture,  OH 
recombination w i l l  occur we l l  i n t o  t h e  divergent  s ec t ion  by two-body r e -  
a c t i o n s .  However, atomic hydrogen i s  correspondingly formed and can be  
consumed only by t h e  hydrogen recombination r eac t ion  and water  recombina- 
t i o n  reac t ion ,  H + OH + M H20 + M. Bacause t h e  hydrogen recombination 
r eac t ion  f r eezes  f i rs t ,  t h e  amount of energy t h a t  can u l t i m a t e l y  be  re- 
covered from hydrogen atom reac t ions  i s  very s t rong ly  dependent on t h e  
f r eez ing  poin t  of t h e  three-body H2O recombination r eac t ion .  This was 
shown t o  be t h e  case i n  t h e  s e n s i t i v i t y  s t u d i e s  and t h e r e f o r e  it i s  not  
s u r p r i s i n g  t h a t  t he  Bray ana lys i s  does i n d i c a t e  t h a t  b e t t e r  performance 
agreement r e l a t i v e  t o  t h e  full k i n e t i c  so lu t ion  i s  obtained when t h e  water 
recombination r eac t ion  i s  assumed con t ro l l i ng .  

A s impl i f i ca t ion  i n  se l ec t ing  t h e  r a t e  con t ro l l i ng  r eac t ion  and 
p o t e n t i a l l y  b e t t e r  agreement with exact ana lys i s  a r e  obtained by  u t i l i z i n g  
t h e  composite-reaction f reez ing  point of t h e  hydrogen recombination re- 
a c t i o n  and t h e  water  recombination r eac t ion  s ince  both r eac t ions  compete 
f o r  hydrogen atoms through p a r t  of t h e  expansion. The r e s u l t s  u t i l i z i n g  
t h e  composite-reaction f r eez ing  point a r e  included i n  Figs .  6-13. It 
should be noted from these  f i g u r e s  however, t h a t  f o r  t h e  p rope l l an t s  and 
condi t ions  of t h i s  r e p o r t ,  t h e  inc lus ion  of both t h e  three-body r eac t ions  
f o r  p red ic t ing  a composite-reaction f r eez ing  poin t  gives  t h e  same r e s u l t s  
as  were obtained by consider ing the deple t ion  of hydrogen atoms by  means 
of t h e  water  recornbination react ion (19) alone.  
good agreement with t h e  exact  k i n e t i c  performance p red ic t ed  by t h e  one- 
dimensional program. 
t h e  s e n s i t i v i t y  s tud ie s  t h a t  l a rge  v a r i a t i o n s  i n  hydrogen atom recombination 

a 

These r e s u l t s  a r e  a l s o  i n  

Again t h i s  i s  no t  s u r p r i s i n g  s ince  it was shown i n  
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r a t e  constant ,  r e l a t i v e  t o  the  water formation r a t e  constant ,  were requi red  
t o  inf luence performance. 

It should be noted t h a t ,  f o r  o ther  p rope l l an t  systems, (e .g . ,  hydro- 
carbons i n  combination with f luo r ine  and oxygen), where two o r  t h r e e  r e -  
a c t i o n s  a r e  of equal s ign i f i cance  the  dominating r o l e  cannot be r e a d i l y  
ass igned  t o  a s ing le  react.ion and s l i g h t  v a r i a t i o n s  i n  t h e  s p e c i f i c  r eac t ion  
r a t e  may s h i f t  t h e  dominant r o l e  from one r eac t ion  t o  another .  

The ind iv idua l  three-body reac t ions  a r e  not expected t o  f r e e z e  a t  
e x a c t l y  t h e  same loca t ion  i n  t h e  nozzle, so a s i n g l e  r eac t ion  w i l l  consume 
atoms and/or r a d i c a l s  and r e l ease  energy i n  t h e  f l o a  a f t e r  t k c  other r e -  
a c t i o n s  have, f o r  a l l  p r a c t i c a l  purposes, ceased. The s i n g l e - r a t e  con t ro l -  
l i n g  r eac t ion  i s  au tomat ica l ly  included i n  t h e  composite-reaction sudden 
f r e e z i n g  ana lys i s .  The advantage and u t i l i t y  of t h i s  f r eez ing  a n a l y s i s  
i s  i n  p a r t  a consequence of t h i s  f a c t ,  s ince  a t tempts  t o  guess t h e  r a t e -  
c o n t r o l l i n g  r eac t ion  i n  mult i react ion nozzle  flow systems a r e  r a r e l y  sue- 
c e s s f u l  f o r  a l l  condi t ions  of combustion pressures  and O/F r a t i o s .  

a 

The ind ica t ions  a r e  t h a t  (1) the  hydroxyl r a d i c a l s  continue t o  scavenge 
t h e  hydrogen atoms r e l eas ing  energy long a f t e r  t h e  atom-atom recombination 
has  ceased, and (2) t h a t  t h e  bimolecular r eac t ions  forming hydrogen atoms 

and 
H2 + OH H20 + H 

CO + OH e CCQ + H 

which f r eeze  far  downstream, must not be considered i n  t h e  composite-reaction 
sudden-f reezing poin t  ana lys i s .  The inc lus ion  of bimolecular r eac t ions  would 
l e a d  t o  near-equilibrium flow i n  every ins tance  as a r e s u l t  of g r o s s l y  m i s -  
r epresent ing  the  l o c a t i o n  of t h e  composite-reaction f r eez ing  poin t .  There- 
f o r e ,  t h e  amount of energy added t o  t h e  flow i s  a f a r  more important consid- 
e r a t i o n  i n  a s ses s ing  the  importance of r eac t ions  f o r  performance ca l cu la t ions  
thzn  i s  t h e  r a t e  a t  which any s ingle  spec ies  i s  consumed or formed i n  a l l  t h e  
r eac t ions  i n  which t h i s  species  might p a r t i c i p a t e .  
6-13 t h a t  t h e  performance predicted by  u t i l i z i n g  t h e  composite-reaction f r e e z -  
i ng  technique and t h e  three-body recombination r eac t ions  gene ra l ly  i s  i n  
agreement with or s l i g h t l y  lower than t h e  exact k i n e t i c  flow ca lcu la t ions .  
The lower r e s u l t s  a r e  due t o  e l imimt ion  of t h e  energy cont r ibu t ions  of t h e  
two-body r eac t ions  and t h e  abrupt  changeover from a s h i f t i n g  equi l ibr ium 

It i s  noted from Figs .  
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gas model t o  an inva r i an t  composition model a t  t h e  f r eez ing  poin t .  The 
r e a l  gas model ( k i n e t i c  flow),  of course, i s  one of cont inuing r eac t ion  
throughout t h e  expansion. 

A note  about t h e  third-body concentrations [MI used  i n  Eq. (7) i s  i n  
o rde r ,  
average forward r a t e  constant  which favored molecular t h i r d  bodies  (Refs. 
4 and 18), s ince  these  f a r  outnumber the  atoms and r a d i c a l s  present  under 
t h e  condi t ions considered. This s impl i f ied  approach i s  tantamount t o  
neglec t ing  t h e  d i f f e r e n t  e f f i c i e n c i e s  of t h e  var ious th i rd-bodies  for 
promoting recombination, but  s ince t h e  magnitude and temperature dependence 
of chemical k i n e t i c  data  a r e  not accura te ly  known i n  most cases ,  no grea t  
loss i n  accuracy i s  incurred.  

These were taken t o  be P / w, X, = I , i n  conjunction with an 

a 
of Perf ormance -- ------------ t o  Freezing Point  ------------------ 

The bas i c  r o l e  which the  composite r eac t ion  serves  i s  t o  p red ic t  an 
To il- e f f e c t i v e  f r eez ing  a rea  r a t i o ,  beyond which a l l  r eac t ions  cease.  

l u s t r a t e  t he  i n t e r e s t i n g  way i n  which t h i s  i s  r e l a t e d  t o  o v e r a l l  nozzle 
performance, Figs .  14 and 15 have been prepared f o r  t h e  N204-5@ N&+/5@ 
UDMH, and H -0 
and show t h e  v a r i a t i o n  of s p e c i f i c  impulse between f rozen  and equi l ibr ium 
l i m i t s  a s  a func t ion  of t h e  f reez ing  area  r a t i o .  
"nonequilibrium impulse parameter" on chamber pressure  i s  seen t o  be very 
weak, even between t h e  extreme pressure l i m i t s  presented.  However, t h i s  
parameter is c r i t i c a l l y  dependent on O/F r a t i o  as  a consequence of t he  
g r e a t e r  amount of expansion required t o  recover an  equivalent  percentage 
of t h e  hea t  of combustion with increasing flame temperatures.  

s y s t e m  a t  d i f f e ren t  chamber pressures  and s toichiometr ies ,  2 2  

The dependence of t h e  

The very  l a r g e  s lopes of a l l  these curves i n  the  t h r o a t  region suggest 
t h a t  i f  means a r e  ava i l ab le  f o r  preventing chemical f r eez ing  near  t h e  noz- 
z l e  t h r o a t  (e.g., by ca ta lyz ing  a r a t e -con t ro l l i ng  r eac t ion  o r  by changing 
t h e  p a r t i c u l a r  nozzle contour i n  t h i s  reg ion) ,  s i g n i f i c a n t  improvements i n  
perfmmance carr be r e a l i z e d  when the values of f rozen  and equi l ibr ium i m -  
pu l se  a r e  apprec iab ly  d i f f e r e n t .  
po in t  l oca t ion  s h i f t s  from a s l i g h t l y  subsonic t o  a s l i g h t l y  supersonic 
a r e a  r a t i o  can s h i f t  t he  performance from near  f rozen  t o  near  equilibrium. 
This  marked dependency of performance on t h e  f r eez ing  po in t  l oca t ion  i n  
t h e  t h r o a t  region suggests  t h a t  caution be employed i n  t h e  i n t e r p r e t a t i o n  
of results of t h e  approximate suddm-freezing ca l cu la t ion .  This i s  

a 
The recovery of energy a s  t h e  f r eez ing  
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evident  because no sudden cessat ion of a l l  chemical r eac t ions  occurs and 
t h e  f r e e z i n g  c r i t e r i o n  used may thus be i n e f f e c t i v e  f o r  some propel lan t  
systems i n  p red ic t ing  t h e  point  beyond which apprec iab le  chemical energy 
a d d i t i o n  t o  t h e  flow stops.  The suggestion i s  t h a t  exact c a l c u l a t i o n s  
should be performed f o r  those cases where sudden f r eez ing  occurs a t  or 

~ 

near  t h e  nozzle t h r o a t  (e.g. ,  between a rea  r a t i o  1.1 subsonic and 1.1 
supersonic) .  

Comparison of Exhaust Nozzle PerfoMnance Data Calculated by 
- Auroximate  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  and Ekact Procedures 
- - -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

It i s  of i n t e r e s t  t o  compare other  gas-dynamic and thermodynamic 
v a r i a b l e s  obtained by t h e  approximate and exact  ana lys i s .  Heretofore,  
t h e  only comparison of exact and simple Bray so lu t ions  w a s  c a r r i e d  out 
by  Lordi (Ref. 19) f o r  t h e  r e s t r i c t e d  case of pure oxygen and hydrogen 
nozzle  flows, i n  which t h e  only var iab le  compared was t h e  degree of d i s -  
s o c i a t i o n  of t h e  pure diatomic g a s ,  
a r e  presented  f o r  t h e  N 0 -5% N2H4/5@ UDMH system a t  60 ps i a  and a n  
O/F r a t i o  of 2.25. 
t i v i t y  of t h e  p a r t i c u l a r  parameter t o  nonequilibrium e f f e c t s .  The de- 
p re s sed  values  of temperature (Fig.  16) r e l a t i v e  t o  t h e  f u l l  k i n e t i c  
s o l u t i o n  a r e  a r e s u l t  of omit t ing the entropy production and hea t  r e l e a s e  
caused by  chemical r eac t ion  beyondthe  e f f e c t i v e  f r eez ing  po in t .  
l a r g e  d i f f e rence  between t h e  frozen and equi l ibr ium pressures  i n d i c a t e s  
t h a t  r e s u l t s  of t h e  approximate ana lys i s  agree q u i t e  w e l l  wi th  t h e  re- 
s u l t s  of t h e  f u l l  k i n e t i c  so lu t ion  (Fig.  17) .  The concent ra t ions  from 
t h e  approximate ana lys i s ,  however, do not agree with t h e  r e s u l t s  of t h e  
f u l l  k i n e t i c  so lu t ion  as  we l l  a s  des i red  f o r  a l l  spec ies  included i n  
F igs .  18 and 19. 
concent ra t ions  (Fig.  18) which a r e  extremely important intermediate  
spec ie s  i n  t h e  recombination mechanisms vary by as much as 2.5 t o  8 
t imes t h e  concentrat ions ca lcu la ted  f o r  t h e  f u l l  k i n e t i c  so lu t ion  at 
a r e a  r a t i o s ,  A/Amin = 50. This may not  be important as far as s p e c i f i c  
impulse i s  concerned because t h e  concentrat ions a r e  extremely low a t  
t h e  c i t e d  a rea  r a t i o .  These r e s u l t s  i l l u s t r a t e  t h a t  although t h e  over- 
a l l  performance (Isp) repor ted  previously (Figs .  4-11) f o r  t h e  same 
condi t ions  agreed wi th in  one percent f o r  composite-react.ion f r eez ing  
po in t  a n a l y s i s  and exact  k i n e t i c  ca lcu la t ions ,  important i nd iv idua l  
p r o p e r t i e s  are not  i n  as good agreement. This po in t s  out t h e  poten- 
t i a l  d i f f i c u l t i e s  and e r r o r s  assoc ia ted  wi th  at tempting t o  e x t r a c t  
k i n e t i c  r e s u l t s  from o v e r a l l  performance data. 

a 
I n  Figs .  16-19 s e l e c t e d  parameters 

2 4  Equilibrium p r o f i l e s  a r e  included t o  show t h e  sens i -  

The 

I n  p a r t i c u l a r  the hydrogen atom and hydroxyl r a d i c a l  

a 
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Vibra t iona l  Relaxation 

The energy s t o r e d  i n  t h e  exci ted s t a t e s  of a system i s  r e d i s t r i b u t e d  
during t h e  thermodynamic re laxa t ion  processes  a t  some f i n i t e  r a t e  u n t i l  
t h e  populat ion of t h e  energy l e v e l s  i s  a t  equi l ibr ium f o r  t h e  environmental 
temperature and pressure .  If equilibrium of t h e  e x c i t e d  l e v e l s  i s  not 
a t t a i n e d  a t  each of t he  pressure  and temperature condi t ions  e s t ab l i shed  
during nozzle expansion, t h e  spec i f i c  hea t  or sens ib l e  enthalpy of t h e  
gases  i s  not c o r r e c t l y  def ined by  the equi l ibr ium temperature condi’Gion. 
The l o s s  i n  sens ib l e  enthalpy, as  a r e s u l t  of energy s t o r e d  i n  exc i t ed  
s t a t e s ,  cannot be converted i n t o  d i rec ted  k i n e t i c  energy and rocket  t h r u s t .  

A technique s i m i l a r  t o  t h e  Bray f r eez ing  c r i t e r i o n  f o r  chemical r e -  
combination was assumed s a t i s f a c t o r y  t o  e s t a b l i s h  t h e  region i n  a nozzle 
expansion when nonequilibrium v ib ra t iona l  r e l axa t ion  i s  s i g n i f i c a n t  with 
r e spec t  t o  nozzle performance. An o u t l i n e  of t h e  f r eez ing  poin t  a n a l y s i s  
f o r  v i b r a t i o n a l  r e l ax2 t ion  appears i n  Ref, 20 and 21 and w a s  discussed by  
t h i s  Contractor i n  t h e  F i n a l  Report f o r  Contract NASW-366 (Ref. 1). 

a 

The v i b r a t i o n a l  r e l axa t ion  f reez ing  po in t  i s  very s e n s i t i v e  t o  pres -  
su re  l e v e l  and d i luen t  gas composition. The pressure  e f f e c t  i s  t o  be 
expected s ince  t h e  number of c o l l i s i o n s  t h a t  a given molecule undergoes 
i s  d i r e c t l y  propor t iona l  t o  t h e  densi ty  of t h e  gases and consequently t h e  
r e l a x a t i o n  t imes a r e  reduced proport ionately.  The composition e f f e c t  i s  
most pronounced when water  i s  present even i n  small  amounts. Water r e -  
duces t h e  N2 re l axa t ion  t imes by as much a s  th ree  orders  of magnitude. 
Nozzle s i z e  a l so  has an e f f e c t  on the l o c a t i o n  of t h e  v i b r a t i o n a l  f r e e z -  
i n g  po in t .  Large nozzles  r e s u l t  i 3  increased  residence t ime and thus  
a r e  favorable  t o  t h e  reduct ion of v ib ra t iona l  nonequilibrium los ses .  I n  
view of t hese  f a c t s ,  t h e  maximum e f fec t  of nonequilibrium v i b r a t i o n a l  
l o s s e s  should occur a t  low combustion pressure  i n  small  expansion nozzles  
when t h e  v i b r a t i o n a l  r e l axa t ion  t i n e  of c i t r o g e n  i s  a maximum (presence 
af water  i s  neglected) .  

The present  s t u d i e s  u t i l i z i n g  a f u e l  r i c h  N204-50% N2H4/50’$ UDKK 
mixture  a t  a l o w  combustion pressure of 60 ps i a  (nozzle  conf igura t ion  1 
of ‘Table 2) i n d i c a t e  t h a t  N 2  molec-Jles f r e e z e  v i b r a t i o n a l l y  a t  t he  noz- 
z l e  t h r o a t  when these  IV2 molec-des see only o the r  N2 molecules. 
of t h e  N2 molecules occurs downstream of %he t h r o a t  region i n  t h e  presence 
of H2O molecules. 
1.75) s e l e c t e d  f o r  t h e  present  v ib ra t iona l  r e l axa t ion  s t u d i e s  were t h e  
same as those u t i l i z e d  for t h e  one-dimensional k i n e t i c  flow ca lcu la t ions ,  
and t h e  v i b r a t i o n a l  re laxa tmion  times for N2 were obtained from Ref. 22. 

a 
Freezing 

The condi t ions (comb2s+,ior! pressure  = 60 ps i a ,  O/F = 
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Performance ca l cu la t ions  based on one-dimensional k i n e t i c  flow ana lys i s  
and uncoupled v i b r a t i o n a l  re laxa t ion  i n d i c a t e  t h a t  l o s s e s  i n  performance i n  
excess of those  a l r eady  repor ted  f o r  k i n e t i c  flow were l e s s  than  1% (i.e.,  
l e s s  than  3 seconds a t  A/Amin = 50) .  The performance (vacuum s p e c i f i c  i m -  
p u l s e )  i s  t h e r e f o r e  approximately the same a s  t h a t  repor ted  f o r  t h e  fill 
k i n e t i c  flow without v i b r a t i o n a l  r e l axa t ion  given i n  F igs .  6-13. The per- 
formance ca l cu la t ions  with uncoupled v i b r a t i o n a l  r e l axa t ion  involved t h e  
f u l l  mu l t i r eac t ion  k i n e t i c  flow ca lcu la t ions  t o  t h e  N2-vibrat ional  mode 
f r e e z i n g  po in t .  A t  t h i s  po in t  t h e  s p e c i f i c  heat  of diatomic n i t rogen  was 
f i x e d  a t  a value of 6.96 BTU/lb-mole x OR which corresponds t o  t h e  s p e c i f i c  
hea t  f o r  n i t rogen  with no v ib ra t iona l  e x c i t a t i o n  ( r o t a t i o n a l  and t r a n s l a -  
t i o n a l  modes a r e  f u l l y  exc i t ed ) .  The energy which was s t o r e d  i n  t h e  v ibra-  
t i o n a l  mode a t  t h e  f e e z i n g  po in t  was considered t o  be r e t a i n e d  by t h e  
n i t rogen  throughout t h e  remainder of t h e  expansion. The f u l l  k ine t ic - f low 
c a l c u l a t i o n  was continued t o  tk nozzle e x i t .  

a 
On t h e  b a s i s  of t h e  ca lcu la t ions  performed, it can be concluded t h a t  

v i b r a t i o n a l  e f f e c t s  of diatomic ni t rogen i n  t h e  combustion products of 
N204-50$ UDMH/5O$ N2EI4 p rope l lan t  are  neg l ig ib l e  i n  rocket  performance 
c a l c u l a t i o n s  even f o r  low combustion pressures  (‘60 p s i a ) .  
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Task I11 - Effect of Nozzle Contours on Performance 

In order to understand and to perfect techniques for predicting the 
performance of exhaust nozzles with reactive gas flows and/or for 
designing optimum nozzles with reactive gas flows, it is necessary to 
establish the effect of both convergent and divergent contours on the 
performance. 
investigation be carried out in two-dimensional or axisymmetric flow 
fields. 
and equilibrium nozzle performance calculations in selected optimum con- 
tours at high pressures (300 psia) and low pressures (60 psia). The 
optimum contours were selected from a family of nozzles designed for 
both shifting equilibrium and kinetic flow. 
investigations, both performance and design procedures treating two- 
dimensional flows in reactive gas mixtures were required. 
cedures used were those developed under Contract NASW-366 and included 
analysis with two, two-dimensional/axisymmetric decks. 
described in Ref. 1. 
deck," has been used to determine the flow field associated with a given 
supersonic contour and prescribed conditions for the flow entering at 
the throat. The second deck, the so-called "design deck," has been used 
to determine a family of modified perfect nozzles from which optimum 
nozzle contours are selected by truncation. 

Evaluation of these effects recpires at least in part that 

This has been done by performing axisymmetric nonequilibrium 

In order to perform these 

The pro- 

These decks are 

* 
The first of these decks, the so-called "performance 

The modified perfect nozzles selected for the current study are 
nozzles having axial exit flow but not necessarily uniform speed (in 
view of the different residence times for gases flowing along the 
various principal streamlines). 
part the method of characteristics construction procedure used in much 
the same manner of conventional construction of perfect nozzles. 
reaction kinetic equations are integrated forward along provisional 
principal streamlines to a provisional Mach line which is determined 
using frozen composition. The determination of the final Mach line, and 
final locations and directions for the principal streamlines is an 
iterative process. 
tion of the conventional characteristics construction to include reaction 
kinetics is given in Ref. 1. 

The design of these nozzles involves in 

The 

A full discussion of these techniques and modifica- 

One-Dimensional Results for Different Convergent Contour Designs 

Investigations perfo-med under Contract NAsw-366 and in the present 
work have indicated that significant departures from chemical equilibrium 
can occur in the convergent section of a nozzle for the %-02 propellant 
system at low chamber pressures (O/F = 5 ) .  Further studies with the B r a y  
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criterion have indicated that a sizable portion of the resulting l o s s  
in specific impulse may be recovered by a relatively small displacement 
of the freezing point, if the freezing point oceurs in the transonic 
region (see Fig. 15). The studies under Contract NASW-366 showed that 
appreciable changes in throat contour did not substantially alter the 
nozzle performance. It appeared, therefore, that a significant improve- 

of the subsonic section of the nozzle. 
% ment in rocket nozzle performance might be achieved 3y a carefzl design 

Two widely different convergent contours were selected with essen- 
tially the same divergent section (see Tabie 2 - Configurations 2 and 3) 
and the performance was calculated for each using the one-dimensional, 
kinetic-flow computer program. The results of these calculations are 
shown in Fig. 20 where the vacuum specific impulse is plotted against 
the area ratio. 
the specific impulse for the two nozzles is quite small, amounting to 
less than one-half percent, with the shallow convergence nozzle indi- 
cating only slightly better performance. 
achieved with this nozzle did result in some differences in thermodynamic 
properties and concentrations at the minimum area (see Table 6). As 
would be expected, the longer nozzle was closer to equilibrium as evi- 
denced by the difference between and Y p  and by the reduced mass 
flow rate. The significance of this difference is discussed in Ref. 1. 
This, however, was not reflected in the vacuum specific impulse. It 
should also be noted that as a practical matter the increase in length 
would increase the friction losses and the net result could easily be a 
reduction in performance when compared to the shorter nozzle. Based on 
these results it was felt that for this propellant system the design of 
the convergent section should not be based on chemical kinetic 
considerations. 

It is obvious f rom this figure that the difference in 

The longer residence time 

Axisymmetric Results for RL-10 and ~m-366 Nozzle Designs 

Analytical studies to determine the effect of the gas model on 
nozzle performance for both high and low chamber pressure H2-02 propel- 
lant systems were conducted using the RL-10 contour for the high 
pressure (Pc = 300 psia) investigation and the nozzle designed under 
Contract NASW-366 for the low pressure (60 psia) studies. 
ations of these nozzles are shown ii Fig. 21. 
gas models were investigated: viz, kinetic flow with 100 percent ccm- 
bustion efficiency; kinetic f l o w  with 90 percent combustion efficiency; 
and shifting equilibrium flow with frozen sound speed. The latter 
model, while known to be analytizally inconsistent (the proper sound 
speed is the equilibrium so-~nd speed), %-as cmsidered initially to 

The configur- 
Fer both nozzles, three 



approximate t h e  extreme k i n e t i c  solut ion where t h e  r e a c t i o n  rates a r e  
fas t  enough throughout t h e  e q a n s i o n  t o  permit t h e  thermodynamic proper- 
t i es  t o  approach t h e i r  equilibrium value while t h e  sound speed remains 
frozen.  If t h i s  w e r e  t h e  case, t h i s  model cocdd give a rap id  method of 
ca l cu la t ing  t h e  maximum performance a t t a i n a b l e  with r e a c t i n g  gas  flows. 
This, however, i s  not t h e  casz; the inconsis tency i n  $he model manifests  
i t se l f  i n  such a way t h a t  t h z  con t i~ i i i i t y  eqaatiori i s  ilot s a t i s f i e d  i n  
t h e  ana ly t i c  model. As  a r e s u l t  t h e  performance ca l cu la t ed  using t h e  
equi l ibr ium composition with t h e  frozen sound speed i s  considerably 
below t h a t  ca l cu la t ed  k i n e t i c a l l y  f o r  t h e  l o w  pressure  nozzle ( see  
Fig. 22) and i s  a l s o  below t h e  equi l ibr iwn performance ca lcu la ted  f o r  
t h e  high pressure  nozzle (see Fig.  23). It cam a l s o  be seen from t h e  
f i g u r e s  t h a t  t h e  percentage d i f fe rence  i n  performance increases  with 
increas ing  area r a t i o  and as such the  equi l ibr ium composition-frozen 
sound speed model would be par t icuLarlg poor f o r  l a r g e  area r a t i o  
nozzles.  

e 
The 90 percent  combustion e f f ic iency  model w a s  used i n  the  axi- 

symmetric, k i n e t i c  flow computer program f o r  t h e  NASW-366 nozzle and t h e  
flow f i e l d  w a s  ca l cu la t ed  u n t i l  the end of t h e  c i r c l e  body (X/% equals  
approximately 1). Here t h e  flow f i e l d  and t h e  pressure  and temperature 
d i s t r i b u t i o n s  (see Fig.  24) were compared t o  those ca l cu la t ed  f o r  t h e  
100 percent  combustion e f f i c i ency  model. 
t r i b u t i o n  and t h e  spec ies  concentrations showed some s m a l l  d i f f e rences  
between t h e  two models, t h e  pressure d i s t r i b u t i o n  and flow f i e l d  were 
very similar. Since t h e  performance con t r ibu t ion  of t h e  supersonic 
p o r t i o n  of t h e  nozzle i s  given by the  JpdA, it w a s  f e l t  t h a t  f u r t h e r  
c a l c u l a t i o n  w a s  unnecessary s ince  the  performanee of bo th  models would 
be  e f f e c t i v e l y  t h e  same and the  r e s u l t  would diJplicate what had been 
found previously with one-dimensional ca l cu la t ions  -- i . e .  , l i t t l e  or 
no performance d i f f e rence  due t o  a combustion ine f f i c i ency .  Similar  
observat ions were m a d e  i n  t h e  case of t h z  high pressure  RL-10 ca lcu la-  
t i o n ,  with t h e  r e s u l t s  of one-dinensional ca l cu la t ions  ~p 33 a s l i g h t l y  
supersonic Mach n-Lmber showing cnly mino-. d i f f e rences  a r i s i n g  from use 
of t h e  90 percent  and t h e  100 percent cornbastion e f f i c i e n c y  models. 
Severa l  axisymmetric Mach l i n e s  weLe ca lcu l6 ted  f G r  bo th  e f f i c i e n c i e s ,  
and t h e i r  s i m i l a r i t y  sapported $he c o n d u s i o n  t h a t  no performance 
d i f f e r e n c e s  aze observed bptween the r e s d i t s  cf t h e  90 percent and 
100 percent  combustion e f f i c i ency  calcuiatFsns.  Since t h e  nozzle flow 
w a s  e s s e n t i a l l y  i n  e q u i l i b r i - m  for b ~ t ?  m i x l a t i o n s :  an excessive 
amount of t i m e  would ncrmally have been r e q u i r s d  tc eomple-te t h e  k i n e t i c  
axisymmetric i n t e g r a t i o n s  I n  order t o  v e r i f y  these  conelcsions an 
a d d i t i o n a l  one-dimensionai c s l cu la t ion  vas made using t h e  90 percent 
cornbustion e f f i c i ency  modei LnL ar ai.ea var ia , t ion rhat r ep resen t s  t h a t  

While t h e  temperature d i s -  



of t h e  ou te r  stream tube of t h e  RL-10 nozzle.  The performance from t h i s  
stream tube ca l cu la t ion  i s  compared t o  t h e  equi l ibr ium performance f o r  
t h e  stream tube i n  Fig.  25. A s  i s  evident  i n  Fig.  25, even f o r  t h i s  
stream tube which undergoes more rapid expansion than any o the r  i n  t h e  
nozzle, t h e  performance i s  c lose  to  equilibrium. 

It should be pointed ou t  here t h a t  t h e  above r e s u l t s  cannot be  
general ized.  
t h e r e  i s  only about a 4 1/2 percent d i f f e rence  (about 20 sec a t  optimum 
O/F r a t i o  at 300 p s i a )  between the  equi l ibr ium and f rozen  performance 
(H2-Fz has a d i f fe rence  of about 11 1/2 percent or 55 see f o r  t h e  same 
r e s t r i c t i o n s ) .  The s i m i l a r i t y  between t h e  100 percent  and 90 percent 
combustion e f f i c i ency  r e s u l t s  would probably not ca r ry  over t o  propel- 
l a n t  combinations such as H2-F2 which e x h i b i t  l a r g e  d i f f e rences  between 
equi l ibr ium and f rozen  performance. 

The H2-02 propel lan t  system i s  not a t y p i c a l  one s ince  

0 

Axisymmetric Resul ts  f o r  Di f fe ren t  Assumed Gas Models 

Two axisymmetric nozzles were designed f o r  t h e  same e x i t  a r e a  r a t i o  
t o  be  used with t h e  %-02 propel lant  system a t  an O/F r a t i o  of 5, and 
a chamber pressure  of 60 p s i a .  One of t hese  nozzles w a s  designed f o r  
an equi l ibr ium gas model (i. e., equilibrium gas composition and equ i l ib -  
rium sound speed) while t h e  o t h e r  was designed f o r  a f rozen  gas model 
( i .e. ,  f rozen  gas composition and f rozen  sound speed).  
t h e  contours of t he  t w o  nozzles.  The d i f f e rence  between t h e  two con- 
t o u r s  r e s u l t s  from t h e  f a c t  t h a t  flows wi th  lower e f f e c t i v e  gammas 
(equi l ibr ium)  must t u r n  through a g rea t e r  expansion angle t o  achieve 
t h e  same Mach number as achieved by flows wi th  l a r g e r  e f f e c t i v e  gammas 
( f rozen) .  
i s  lower f o r  t h e  lower gamma. 
t h e  n e t  r e s u l t  i s  t h a t  t h e  axisymmetric nozzle designed f o r  a lower 
gamma (equi l ibr ium) w i l l  have a g rea t e r  i n i t i a l  expansion and w i l l  be 
s h o r t e r  than  an axisymmetric nozzle designed f o r  a l a r g e r  gamma ( f rozen)  
wi th  t h e  same area r a t i o .  

Figure 26 shows 

A t  t h e  same time, for the same area r a t i o ,  t h e  Mach number 
While these  two e f f e c t s  oppose each o ther ,  

The vacuum spec i f i c  impulse ca lcu la ted  f o r  t hese  two nozzles i s  
shown i n  Fig.  27. 
equi l ibr ium designed nozzle i s  qui te  d i f f e r e n t  than  t h a t  ca lcu la ted  f o r  
t h e  f rozen  nozzle even though t h e  diffeyence i n  phys ica l  contours i s  
s m a l l  (see Fig.  26) ~ However, i f  the performance using t h e  reverse  gas 
model i n  both  nozzles (i.e.,  equilibrium flow i n  f rozen  design nozzle 
and f rozen  flow i n  t h e  equi l ibr ium design nozzle) i s  compared t o  t h e  
performance us ing  t h e  co r rec t  gas model, t h e r e  i s  l i t t l e  e f f e c t  due t o  
t h e  phys ica l  contour. 

It i s  evident  t h a t  t h e  performance ca lcu la ted  f o r  t h e  



Task I V  - Nozzle Sca l ing  

Previous experience has ind ica ted  t h a t  perfornance of exact  k i n e t i c  
ca l cu la t ions  f o r  mul t i reac t ion  gas mixtures over a wide range of condi- 
t i o n s  and va r i ab le s  can involve excessive cos t s .  This problem i s  a 
consequence of t h e  r e l a t i v e l y  slow process of i n t e g r a t i n g  t h e  equat ions 
when near-equi l ibr ium condi t ions ex i s t  i n  t n e  flow. The problem i s  
aggravated i n  l a r g e  s c a l e  nozzles f o r  which residence t imes a r e  r e l a -  
t i v e l y  long and near-equilibrium ca lcu la t ions  p r e v a i l  over a longer  
f r a c t i o n  of length .  

Since it i s  des i r ab le  t o  e s t ab l i sh  t h e  e f f e c t  of chemical k i n e t i c s  
on t h e  performance of geometrically s c a l e d  nozzles ,  t h e  a n a l y t i c a l  t ech-  
niques inves t iga t ed  and employed i n  Task I1 of t h i s  repor t  were used i n  
conjunction with t h e  one-dimensional k i n e t i c  flow computer program. 

0 

The one-dimensional program was used t o  c a l c u l a t e  t he  performance 
of a geometr ica l ly  sca l ed  RL-10 rocket nozzle f o r  t h r u s t  l e v e l s  of 150, 
1500 and 15,000 pounds. These ca l cu la t ions  were performed f o r  H2-02 a t  
an O/F of 5 and a chamber pressure  of 300 p s i a .  
and 15,000 l b s  were inves t iga t ed  for a chamber pressure  of 60 ps ia .  
The modified Bray a n a l y s i s  w a s  a l s o  employed t o  inves t iga t e  t h e  per -  
formance f o r  t h e  same condi t ions and f o r  a d d i t i o n a l  t h r u s t  l e v e l s  as  high 
a s  l,5OO,OOO l b s  and combustion pressures  a s  high a s  1000 p s i a .  

Thrust l e v e l s  of 150 

The r e s u l t s  f o r  t h e  300 ps ia  chamber pressure  a t  t h r u s t  l e v e l s  from 
150 t o  l,5OO,OOO l b s  of t h r u s t  a r e  presented i n  Fig.  28. The curves 
shown include t h e  r e s u l t s  of ca l cu la t ions  from both the  k ine t ic - f low 
and composite-reaction sudden f reez ing  a n a l y s i s .  The r e s u l t s  i n d i c a t e  
t h a t  performance improves a s  nozzle s i z e  i s  increased.  Although t h e  
change i n  performance wi th  sca l e  f r o m  153 t o  15,000 l b s  i s  s l i g h t ,  it 
i s  i n t e r e s t i n g  t o  note  t h a t  t h e  sudden-freezing c r i t e r i o n  not  only cor-  
r e c t l y  p r e d i c t s  t h i s  t r e n d  but  s l s o  p r e d i c t s  t h e  a c t u a l  performance 
l e v e l  obtained from t h e  exact k i n e 5 c  flow ca lcu la t ions .  Also of 
i n t e r e s t  i s  t h e  f a c t  t h a t  the  perfomance r e s u l t s  f o r  l50,OOO and 
1,500,000 l b s  t h r u s t  (from composite-reactLon, sudden-freezing ca lcu la-  
t i o n s )  i n d i c a t e  no improvement i n  spec i f i c  impulse above t h a t  f o r  t h e  
15,000 l b s  t h r u s t  l e v e l ,  The extremely small v a r i a t i o n  i n  s p e c i f i c  
impulse with t h r u s t  i s  due t o  t h e  high combustion pressure  which i s  
ev iden t ly  s u f f i c i e n t l y  high to maimai .n  t h s  expansion near  equi l ibr ium. 

Figure 29 pr?sent,s t h e  r e s n l t s  of t h e  kir ,?+,ic and modified Sray  
c a l c u l a t i o n s  for a pressure  of 63 psia a t  t h r u s t  l e v e l s  of 150 and 
15,000 l b s .  A s  i s  evident  i n  Fig,  29, t h e  r e s u l t s  of t he  modified Bray 



. .  

analysis fall essentially along the corresponding curves calculated from 
the exact kinetic analysis. In contrast to the results at 300 psia, 
these low pressure results indicate a marked improvement in specific 
impulse as the thrust level (scale) is increased. 

Additional results of modified Bray calculations for the 60 psia 
chamber pressure condition are shown in Fig. 30 for thrust levels edend- 
ing up to l,5OO,OOO lbs. 
results, continued improvement in performance is evidenced as thrust 
level is increased throughout the entire range of thrusts. A summary of 
the significant scaling (variation of kinetic flow performances in terms 
of specific impulse) results for this study utilizing the RL-10 nozzle 
geometry (%-02 propellant) for 150 to l,5OO,OOO lbs thrust and combus- 
tion pressures 60 to 1000 psia is presented in Fig. 31. 
values are plotted as an energy recovery factor expressed in terms of 
specific impulse between the frozen and shifting equilibrium performance. 
The results for 1000 psia have been evaluated utilizing only the 
composite-reaction, sudden-freezing analysis. On the basis of the good 
agreement between the results of the exact and approximate analytical 
techniques throughout this report, it is felt that these 1000 psia 
results represent the kinetic solution. 

Again, in contrast to the high pressure 

The performance 

Y 

It is apparent from Fig. 31 that, for geometrically-similar nozzles, 
a marked increase in the normalized specific impulse performance occurs 
with increased thrust levels, particularly for low combustion chamber 
pressure levels (60 psia) . 
freezing point from the throat region to a point downstream of the 
throat (see Fig. 32) and is a direct result of increased residence 
times. 
are already sufficiently high to establish the freezing point downstream 
of the throat region will not affect the specific impulse performance 
significantly (see Fig. 15) .  
formance results in Fig. 31 with the variation in freezing point location 
in Fig. 32. 
changes in specific impulse with thrust level are less significant than 
at the low pressures suggesting that the freezing point is downstream 
of the throat over the entire thrust range, i.e., near-equilibrium flow 
predominates. 

This is a consequence of shifting the 

However, it follows that increases in thrust from levels which 

This is observed by correlating the per- 

At the high pressures (1000 psia combustion pressure) the 

These investigations suggest that the specific impulse performance 
of propellant systems may well be sensitive to a minimum critical thrust 
level for a given combustion pressure and that optimization of perform- 
ance with respect to kinetics is related to gross thrust level. 
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Task V - Computer Program 

A machine computational program developed by United A i r c r a f t  Corp- 
o r a t i o n  t o  t r e a t  t h e  one-dimensional flow of r eac t ing  gas mixtures  i n  
v a r i a b l e  a rea  passages has been modified under t h i s  t a s k  t o  f a c i l i t a t e  
gene ra l  use of t h e  program on t h e  NASA Lewis Research Center IBM 7094 
Computer. A desc r ip t ion  of t h e  equations,  fiumerical techniques,  genera l  
opera t ing  i n s t r u c t i o n s ,  and flow char t s  have been publ ished i n  a separa te  
NASA Contractor '  s Topical Report (3-54042 e n t i t l e d  " Inves t iga t ion  of Non- 
equi l ibr ium Flow Effec t s  i n  H i g h  Expansion Rat io  Nozzles, Computer Flow 
Manual". 
t i o n  and t h e  machine program may be obtained by con t r ac t ing  t h e  IBM Pro- 
gram Dis t r ibu t ion  Center. 

This r epor t  i s  a v a i l a b l e  from NASA, Office of Technical Informa- 

General Descr ipt ion of - Program 

The exac t  nonequilibrium nozzle flow ca lcu la t ions  r equ i r e  t h e  simul- 
taneous s o l u t i o n  of mass, momentum, and energy conservat ion equat ions,  
s t a t e  and mixture enthalpy equations,  k i n e t i c  d i f f e r e n t i a l  equat ions f o r  
t h e  f i n i t e  r a t e  of production of molecular spec ies ,  and atomic c o n t i n u i t y  
equat ions f o r  a l l  atoms present .  These equat ions have been solved f o r  
one-dimensional, i nv i sc id ,  ad iaba t i c  flow, wi th  n e g l i g i b l e  d i f fus ion .  
So lu t ion  on a d i g i t a l  computer by numerical means i s  requi red ,  s ince  
n + 6 equat ions a r e  involved i n  the  complete so lu t ion ,  where n i s  t h e  
t o t a l  number of spec ies  present .  By t h i s  method, a r e a c t i o n  i s  never  
dropped i n  t h e  computational procedure because of "sudden f reez ing"  a s  
p r e d i c t e d  by t h e  Bray c r i t e r i o n ,  and i n  add i t ion  it i s  poss ib l e  t o  t r e a t  
a l l  r e a c t i o n s  t h a t  a r e  known t o  occur: r ega rd le s s  of t h e i r  speed or exo- 
the rmic i ty .  

The machine proccedure developed f o r  a n a l y s i s  of one-dimensional 
chemically r e a c t i n g  flows i s  q u i t e  f l e x i b l e  and may be operated i n  
e i t h e r  of two modes; (1) combustion chamber, o r  (2)  nozzle.  The equa- 
t i o n  system and numerical techniques a r e  b a s i c a l l y  t h e  same i n  both 
modes but  t h e r e  a r e  d i f f e rences  i n  the  con t ro l s  and input  information 
necessary  f o r  each mode. 

Modes of Operation 

I n  a combustion chamber i t  i s  assumed t h a t  t h e  ox id ize r  and f u e l  
a r e  i n d i v i d u a l l y  i n  equi l ibr ium and a r e  then ins tan taneous ly  mixed a t  
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an  a r b i t r a r i l y  se l ec t ed  temperature. The r e s u l t i n g  mixture i s  homogeneous 
bu t  not  i n  chemical equilibrium. "he numerical i n t e g r a t i o n  proceeds from 
t h i s  po in t  of mixing. The combustion chamber contour can be of t h e  genera l  
form A = ax  + b where A i s  t h e  cross-sect ion a rea  a t  any a x i a l  l o c a t i o n  x, 
b i s  t h e  i n i t i a l  a rea  and a i s  t h e  s lope.  The flow i n  t h e  chamber may be 
e i t h e r  subsonic or supersonic.  S t a r t i ng  from given condi t ions of tempera- 
t u r e ,  p ressure ,  ve loc i ty  and composition, t h e  numerical i n t e g r a t i o n  contin- 
ues  u n t i l  one of t h r e e  c r i t e r i a  i s  met. I n  subsonic combustion i f  t h e  
l e n g t h  of t h e  chamber exceeds t h e  maximum des i r ed  l eng th  or t h e  temperature 
g rad ien t  f a l l s  below a prescr ibed  tolerance,  t h e  c a l c u l a t i o n  w i l l  s top ,  
whi le  i n  supersonic flow i n  addi t ion  t o  these ,  t h e  ca l cu la t ion  w i l l  be t e r -  
minated when t h e  d i f fe rence  between t h e  Mach number and u n i t y  i s  l e s s  t han  
a p re sc r ibed  amount. 

Exhaust nozzle  -------------- 
A nozzle contour may be prescr ibed by any a rea  d i s t r i b u t i o n  which i s  

inpu t  i n  t a b u l a r  form and subsequently s p l i n e - f i t t e d .  The s t a r t i n g  poin t  
of t h e  ca l cu la t ion  may be anywhere i n  t h e  nozzle where t h e  temperature,  
p re s su re ,  v e l o c i t y  and composition a r e  known. The numerical i n t e g r a t i o n  
proceeds using t h e  given a rea  d i s t r i b u t i o n  u n t i l  t h e  t r anson ic  region i s  
reached o r  u n t i l  e i t h e r  a prese lec ted  Mach number or nozzle  length  i s  
exceeded. 

Two major d i f f i c u l t i e s  e x i s t  i n  t h e  i n t e g r a t i n g  t h e  system of equa- 
t i o n s  through a convergent-divergent nozzle t h a t  i s  flowing choked. !These 
a r i s e  from ( a )  t h e  n e c e s s i t y  of i n t eg ra t ing  t h e  equat ion through a sonic  
l o c a t i o n ,  and ( b )  t h e  s i g n i f i c a n t  f igure  l o s s  when t h e  flow i s  near  equi- 
l ib r ium.  The Computer Program Manual, t he re fo re ,  inc ludes  a s e t  of equa- 
t i o n s  transformed t o  f a c i l i t a t e  ca lcu la t ions  near  equi l ibr ium and i n  t h e  
t r a n s o n i c  region of convergent-divergent nozzles.  I n  add i t ion ,  a descr ip-  
t i o n  of t h e  numerical techniques and t h e  i n t e g r a t i o n  rou t ines  i s  presented 
a long  wi th  a d i scuss ion  of round-off-error  cont ro l .  

\ 

Flow Charts and Formats 

Extensive flow c h a r t s  ind ica t ing  t h e  d e t a i l e d  s t e p s  employed i n  t h e  
main computer program and var ious subroutines a r e  included i n  t h e  manual. 
These should permit a computer s p e c i a l i s t  t o  a l t e r  t h e  machine program 
and t a i l o r  t h e  numerical techniques f o r  spec ia l i zed  systems if  such a l -  
t e r a t i o n s  a r e  des i r ab le .  
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Information such a s  input  and output formats,  genera l  i n s t r u c t i o n s  
f o r  t h e  use of t h e  program involving var ious combustion chamber and noz- 
z l e  combainations, and prese l ec t ed  nozzle t h r o a t  contours a r e  included. 
Input i n s t r u c t i o n s  and output format are i l l u s t r a t e d  f o r  t h e  recombina- 
t i o n  of t h e  combustion products of H2-02 i n  a convergent-divergent nozzle 
involving a mul t i reac t ion  system. 
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LIST OF SYMBOLS 

Constant 

Forward r a t e  Bramete r  (Eq. (8))  

Nozzle c ros s - sec t iona l  a r ea  

Constant 

Constant 

Constant 

Heat of r eac t ion  

Vacuum s p e c i f i c  impulse 

Arb i t r a  ry spec ie  s 

S p e c i f i c  r eac t ion  r a t e  constant ,  forward and r eve r se  r eac t ions  

Symbol represent ing  any spec ies  

k c h  number 

k s s  flow r a t e  

Number of r eac t ions  

Number of spec ie s  

Pressure  

Universal  gas constant  

Throzt rad ius  

Forward r a t e  parameter 

Temperature 

t Time 
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I -  

V 

'i 

$1 

X 

xi 

Y 

Y 

Y 

z 

ai;,cr,; 

Y 

YP 

P 

Velocity 

Molecular weight of spec ies  i 

Mean molecular weight 

Axial  d i s tance  

Change i n  reac t ion  rate constant 

Mole f r a c t i o n  of spec ies  i 

Concentration Rat io  def ined by (Eq. (8)) 

Change i n  reac t ion  rate constant 

Radial  d i s tance  

Change i n  reac t ion  r a t e  constant 

The s to ich iometr ic  c o e f f i c i e n t s  of t h e  i t h  spec ies  i n  t h e  j t h  reac t ion ,  
r e a c t a n t s  and products, respec t ive ly  

Ra t io  of s p e c i f i c  heat  

Defined as 

Density 

d l o g  P 
d l og  P 

Sub s c r i p t  s 

C Refers t o  combustion chamber 

i, k 

5 Refers t o  r eac t ion  j 

Refers t o  spec ies  i o r  k 
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TABLE I 

REACTION MECHANISM AND RATE DATA FOR 
HYDROGEN-OXYGEN AND N204-  50% N, H, /So% UDMH SYSTEM 

* 
REACTION MECHANISM REACTION RATE 

I .  H, +OH 3 7 H,O +,Ji 

kb 

OH + H 
k: 

3. H , + O  2 
kb  

4. H + H + M =  H,+M 
k;: 

k; 
5. H + O H + M  5 H,O+M 

kb 

I 
= 4 . 2  x IO9 x To" exp(- IO/RT) 

kf 

= 5.64 x ido exp(- 15.I/RT) 

' = 1.2 x 1Olo exp(-9.2/RT) 
kf 

k i  = IO'*x T-''5 exp(-  103.2IRT) 

= 2 x IO1'x T-''5exp(-114.7/RT) k5b 
- 0 . 5  kf" = 18.5 x 1Olo x T 

k7 
7. C O + O H  -!. k i  = IOIO exp(-IO/RTl i7 C o 2 + H  

b 

ke 
8. N,+ 0 & N O + N  

kt 
kf9 

9. O,+N N O + O  

k r  

k b  

IO. N O +  M N + O + M  

ky 

k: 
II. 0, + N, A c 2 N 0  

k: = 6.71 x 10'0(4500/T)-0~~xp(-38.0/T) 

ky = 2 . 7 ~  1010exp(-53.8/T) 

N O T E :  UNITS FOR REACTION RATE DATA ARE LITER, GM-MOLE, SEC, AND O K .  

ACTIVATION ENERGY T E R M S  ARE GIVEN I N  KCAL. 

* REACTION RATES SAME AS IN REF. I 

45 
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I 
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TABLE 2 

- 

0.054 @ I4 30 20 

0.054 242 14.5 20 

NOZZLE GEOMETRIES EMPLOYED IN KINETIC ANALYSES 

A- 

i I 

I 3 I 0.054035 I 45 I 20 I 
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React ion 

1 2 3* 

H H H H  

L L  H 

H L  L 

TABU 3 

VARIATION I N  PERFORMANCE WITH REC\CTION RATE 

Propel lan t  : 

Oxidizer-fuel  ra t io:  O/F = 1.75 

Chamber pressure:  

N204- 50% N2Hq/50$ UDMH 

Pc = 60 p s i s  

I,, (vac) 63 t h r o a t  

L H  L 

Standard k i n e t i c  r a t e s  

Frozen 

Equi l ibr ium 

216.37 

216.37 

215.17 

216.17 

215.00 

212.05 

216.37 

% + M  * 1  H + H + M =  
2 CO + OH e CO2 + H 
3 H + OH + M €I@ + M 

The des igna t ion  H means t h a t  t h e  s tandard r e a c t i o n  rate i s  
mul t ip l i ed  by 103 
The designat ion L means t h a t  t h e  s tandard r eac t ion  rate i s  
mul t ip l i ed  by 10-3 

- 47- 



FLOW VARIABLES EMPLOYED IN 
SIMLTLATION OF COMBUSTION INEFFICIENCY 

FOR N204-50$ N2H4/50$ UDMH 

Pc = 60 ps i a  

Equilibrium Equil ibr ium 
Stream 1: Stream 2 

Non-equilibr ium 
Mixture Stream 

O/F 1.25 4.00 1.75 

 ass f r a c t i o n  (stream) 0.667 0 - 333 1.00 

P, ps i a  54.545 54.545 54.545 

T, "R 4929.2 4950.3 4940 

V, f t / s e c  

P ,  l b s / f t3  

1581 

0 -01933 

1344 

0.02681 

1502 

0.02124 

Mass f r a c t i o n :  H 8.921 x 10-4 1.125 10-4 6.325 x 10-4 
7.492 x 10-2 I 

1.952 x 10-4 2.246 x 10-1 02 

0 1.994 x lom4 6.010 x 10-3 2.134 10-3 

OH 4.974 10-3 2.421 x 1.138 x 

NO 8.279 x 2.529 x 

C02 4.946 x 1.277 x 10-1 

:H2 2.54s x 10'2 5.238 x 

7.552 x 

1.717 x 

H20 2.754 x 10-1 2.138 x 10-1 2.549 x 10-I 

4..666 x 1O-I 3.658 x 10-1 N2 4.330 x 1 C - l  

CO 1.756 x iom1 1.192 x loe2 1.211 x 10'1 
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O/F 

mss Frac t ion  (stream) 

P, ps i a  

T, "R 

v, f t l s e c  

P ,  l b s / f t 3  

Mss Frac t ion :  H 0 
2 

H2 

GI! 

O 2  

H 

0 

WBG3 5 

FLOW VARIABLES EMPLOYED I N  
SIMULATION OF COMBUSTION EFFICLFNCY 

FOR H2-02 

P, = 60 ps i a  

Equilibrium 
Stream 1 

3.824 

0.747 

56. ooo 

4965 3 

1888.6 

o ,0100 52 

Equ i l ib r  iwn  
Stream 2 

20.34 

0 -253 

56.000 

4986.7 

1209 * 3 

0.024522 

3.881 x 10-l 

6.822 x 

4.359 18'2- 

5.564 x 10-l 

1.439 x 

1.070 x 

Equilibrium 
Mixture Stream 

5.00 

1.000 

56. ooo 

4970.0 

1716.8 

0.01182 

7.550 x 10-l 

7.899 x 

2.ooi i(y-2 

1.410 x 10-1 

2.040 x 10-3 

2.967 x 10-3 

-49 - 



Comparison of Flow Propert ies  a t  Nozzle Throat f o r  Different 
Converging Section Contours 

Table 6 

Long Nozzle 

5063 

4936 

5150 

0.978 

292.6 

Short Nozzle 

5122 

4863 

5079 

0 994 

291.5 

v f t / s ec  

lb f / f t2  P 

T 
0 

R 

M nondimensional 

ISP lbf - sec 
lbm 

lbm/ft3 P 0.00718 

1.202 

1.218 

0.340 

c! . nn994 

0 e 00440 

o 00217 

0.0495 

0.00721 

YP 

Y 

1.164 nondimensional 

nondimens i onal 1.217 

m lbm/sec 0.335 

H mole/lbm 
mix 

1 1  

0.00406 

OE 0.00207 

0.0496 

-50 - 
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COMPARISON OF RL-IO NOZZLE PERFORMANCE CALCULATED 
FOR EQUILIBRIUM FLOW WITH EQUILIBRIUM SOUND SPEED 

AND EQUILIBRIUM FLOW WITH FROZEN SOUND SPEED 
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EFFECT OF THRUST LEVEL ON NONEQUILIBRIUM PERFORMANCE 
IN RL-10 NOZZLE FOR VARIOUS CHAMBER PRESSURES 
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,a 

EFFECT OF THRUST LEVEL ON FREEZING POINT 
IN RL-IO NOZZLE FOR VARIOUS CHAMBER PRESSURES 
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